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ARTICLE INFO ABSTRACT

Keywords: The Atmospheric Boundary Layer (ABL) over two middle-latitude rural sites was characterized in terms of mean
Doppler lidar horizontal wind and turbulence sources using a standard classification methodology based on Doppler lidar. The
Wind

first location was an irrigated olive orchard in Ubeda (Southern Spain), representing one of the most important
crops in the Mediterranean basin and a typical site with Mediterranean climate. The second location was PolIWET
peatland site in Rzecin (Northwestern Poland), representing one of the largest natural terrestrial carbon storages
that have a strong interaction with the climate system. The results showed typical situations for non cloud-topped
ABL cases, where ABL is fully developed during daytime due to convection, with high turbulent activity and
strong positive skewness indicating frequent and powerful updrafts. The cloud-topped cases showed the strong
influence that clouds can have on ABL development, preventing it to reach the same maximum height and
introducing top-down movements as an important contribution to mixing. The statistical analysis of turbulent
sources allowed for finding a common diurnal cycle for convective mixing at both sites, but nocturnal wind shear
driven turbulence with marked differences in its vertical distribution. This analysis demonstrates the Doppler
lidar measurements and the classification algorithm strong potential to characterize the dynamics of ABL in its
full extent and with high temporal resolution. Moreover, some recommendations for future improvement of the
classification algorithm were provided on the basis of the experience gained.

Turbulence

Rural boundary layer
Olive orchard
Peatland

1. Introduction layer to the Earth’s surface, directly influenced by surface-atmosphere
exchanges of moisture, heat, and other constituents, due to the impact
The Atmospheric Boundary Layer (ABL) is the closest atmospheric from the biosphere and anthropogenic activities (Cimini et al., 2020).
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The characterization of this layer under different conditions is important
not only for weather and climate models (Illingworth et al., 2016), but
also for wind energy applications (e.g. Gokcek et al., 2007; Li and Yu,
2017) and air quality studies (e.g. Bossioli et al., 2009). The definition of
the extent of this layer is still ambiguous and depends on the tracers and
criteria chosen (e.g. temperature, aerosol concentration, or turbulence),
although there have been recent efforts to harmonise and standardise
such criteria in the framework of European programs developed in the
last decade, such as the Cost Actions TOPROF and PROBE (Cimini et al.,
2020; Kotthaus et al., 2022). One of the most important features that
makes ABL description complex is the turbulent mixing, responsible for
the redistribution of momentum, mass, temperature and humidity
within this layer (Oke, 1992). The sources of turbulent mixing exhibit
significant temporal and spatial variations, and include buoyancy (that
produces upwards convective mixing), wind shear (mechanical mixing)
or radiative cooling in stratocumulus clouds (producing top-down
convective mixing).

In this context, lidar technique represents a powerful tool to retrieve
profiles of several ABL properties as aerosol properties, temperature,
wind or humidity. In particular, Doppler lidars (those measuring the
Doppler shift due to the movement of aerosol particles by the wind) are
used to retrieve the 3D wind field inside the ABL and to retrieve tur-
bulent properties with high temporal and vertical resolution, which can
be combined to classify turbulence basing on its source (Manninen et al.,
2018). Manninen (2019b) developed ‘Halo lidar toolbox’, a software
package with the aim of providing a robust tool to produce harmonized
Doppler lidar retrievals applied to measurements from different sites
using methods presented in peer-reviewed articles. In the present work,
we use that standard and objective tool and classification methodology
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to characterize ABL in different locations and situations.

In particular, we characterized the ABL over two experimental rural
sites with different features in terms of mean horizontal wind and tur-
bulence sources. The detailed knowledge and study of the ABL dynamics
over rural ecosystems is of high importance, among other reasons, and
because of the role of wind and turbulence for ventilation processes and
potential release of stored CO; (e.g. Bowling and Massman, 2011;
Nachshon et al., 2012; Rey et al., 2012; Sanchez-Canete et al., 2016) or
because wind is a key factor in dispersion of pollen grains and other
bioaerosols (Carinanos et al., 2021; Rojo et al., 2015). For this study, a
Doppler lidar system was operated at an olive orchard and at a peatland
as important environments concerning their role for climate and human
activities.

2. Experimental sites and instrumentation

The first rural location (Fig. 1) was an irrigated olive orchard in
Ubeda, Spain (37.91°N, 3.23°W, 370 m a.s.l.). The site presents Medi-
terranean climate, with mean annual temperature of 16 °C and mean
annual precipitation of 495 mm. Predominant surface winds come from
NW during day and from S and SE at night (Aguirre-Garcia et al., 2021;
Chamizo et al., 2017). The site is located in a valley area, surrounded by
Sierra Mdgina and Sierra de Cazorla mountain ranges of >2100 m a.s.1.,
around 25 km at the Southwest and 45 km at the East, respectively. This
kind of crop is one of the most important in the Mediterranean basin,
particularly in Southern Spain. Therefore, its study and characterization
are important in order to account for its impact on the global soil carbon
cycle linked to anthropogenic climate change (Aguilera et al., 2015;
Alvaro-Fuentes and Paustian, 201 1; Vicente-Vicente et al., 2016). In
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Fig. 1. Topographic maps showing with red stars the location of (a) Ubeda and Rzecin in Europe, (b) the peatland measurement station and (c) the olive orchard
measurement station with respect to the surrounding orography. Images from earth.google.com and topographic-map.com (last access 5th July 2022). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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particular, high turbulence conditions in the ABL over this kind of en-
vironments can cause important CO; ventilation episodes, which
strongly determine and constrain other carbon cycle measurements and
modelling (Moya et al., 2022). More information on the site description
can be found in Chamizo et al. (2017) and Aguirre-Garcia et al. (2021).
The measurements campaigns AMAPOLA (Atmospheric Monitoring of
Aerosol Particle Fluxes in Olive Orchard) and ABUNDANCEq (Rural
Boundary Layer in Managed Ecosystems — Olive Orchard) were per-
formed at this site. AMAPOLA and ABUNDANCE campaigns were co-
ordinated by the Atmospheric Physics Group (GFAT) of the University of
Granada and funded in the framework of ACTRIS-2 and ELEMENTAL
(Enabling Adaptation to Climate Change by Management of Ecosystem
Carbon and Water Balance) projects, respectively. AMAPOLA was car-
ried out from 18th to 29th April 2016, with the main focus of testing the
combination of in-situ and remote sensing observations of aerosol par-
ticle fluxes. On the other hand, ABUNDANCE( was performed from 26th
February to 26th March 2019 with the purpose of analysing the turbu-
lent atmospheric structures and their impact on the closure energy
balance at surface.

The second location (Fig. 1) was ‘PolWet’ site in Rzecin, Poland
(52.75°N, 16.30°E, 59 m a.s.l.) of the Poznan University of Life Sciences
(PULS), a peatland with average air temperature of 8.5 °C, annual pre-
cipitation of 526 mm and prevailing surface wind from W (Chojnicki
et al., 2007; Harenda et al., 2021). The peatland rose as a result of lake
shallowing (Barabach, 2013) and surrounded by Note¢ Forest (Kon-
dracki, 1998), is the place of measurements of CO2/H20 exchange be-
tween ecosystem and the atmosphere using the eddy covariance
technique (Chojnicki et al., 2007) as well as conducted manipulation
experiments (Gorecki et al., 2021; Rastogi et al., 2019). Peatlands are a
special type of wetland, representing one of the largest natural terrestrial
carbon storages that have a strong interaction in the climate system
(Harenda et al., 2018; Lappalainen, 1996). The measurement campaign
POLIMOS-2018 (Polish Radar and Lidar Mobile Observation System)
was performed at this site from 24th May to 24th September 2018 with
the goal of assessing the impact of atmospheric optical properties on
terrestrial ecosystem functioning. It was coordinated by the University
of Warsaw (IGFUW) and funded by the European Space Agency.

The vertical profiles of 3D wind and of ABL turbulent properties were
obtained in this study using the measurements of the Doppler lidar
Stream Line (Halo Photonics), that is part of ACTRIS-Cloudnet (Illing-
worth et al., 2007). The system consists of a solid-state pulsed laser
emitting at 1.5 pm and a heterodyne detector using fiber-optic tech-
nology. The emission is done with low pulse energy (100 pJ) and high
pulse repetition rate (15 kHz). The signal acquisition is performed
continuous and autonomously in vertical stare mode with a temporal
resolution around 2 s, and it also has full hemispheric scanning capa-
bility. A more detailed description of this instrument can be found in
(Ortiz-Amezcua et al., 2022).

3. Methodology

Doppler lidar instrument was configured to continuously perform
vertically pointing measurements with a temporal resolution of 2 s,
regularly interrupted to perform individual conical scans (Vertical-Azi-
muth-Display, VAD scans) with 12 equidistant azimuth points and
constant elevation of 75° for AMAPOLA and 70° for ABUNDANCEo and
POLIMOS. The scans were carried out every 10 min, 15 min and 30 min
in each campaign, respectively. The instrument operated with the same
range resolution of 30 m and an effective range from 90 m to
6000-9000 m.

In this study, we performed a statistical characterization of the field
campaigns and the description of some particular cases. For such anal-
ysis, we used the products obtained with a standard software processing
chain developed at the Finnish Meteorological Institute, called ‘Halo
lidar toolbox’ (Manninen, 2019b).

Doppler lidar raw data processed by the toolbox are first corrected
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from the artefacts described by Manninen et al. (2016) and Vakkari et al.
(2019), and the attenuated backscatter (B4) is calculated from vertically
pointing measurements signal intensity with the original time resolution
and with the focus function as described by Pentikainen et al. (2020).
For our system, we used the experimentally obtained focal length of 535

=+ 35 m and effective beam diameter of 17.5 £+ 1.0 mm. From scanning

measurements performed every 10, 15 min or 30 min (depending on the
campaign), the 3D wind vector profiles are obtained with the Vertical-
Azimuth-Display (VAD) method described by Newsom et al. (2017)
and Paschke et al. (2015). From these wind profiles, wind shear (sh)
vector is also calculated from the changes in the horizontal wind com-
ponents (u and v) with height (e.g. ICAO, 2005), as it can be a source of
turbulent mixing. For turbulence retrievals, the vertical velocity vari-
ance and skewness are calculated for each range gate from distributions
corresponding to vertically pointing velocity measurements within 60-
min time windows, using a method presented by Rimoldini (2014),
which avoid biases from Gaussian noise and sample size. In particular,
the vertical velocity skewness (S,,, obtained from the 3rd moment of the

vertical velocity distribution, (w — w)?) is used in this study as an indi-
cator of the predominant direction of the turbulent transport of turbu-

lent kinetic energy (TKE), because (w —w)> represents the vertical
transport of variance (directly affecting TKE) by the turbulence itself.
Therefore, positive S,, indicates that TKE is being transported upwards
(and negative S,, downwards). The dissipation rate of the turbulent ki-
netic energy, ¢, is calculated from the 3D wind vector profiles and the
vertical velocity variance profiles, both previously interpolated to a
common 3-min resolution. The method presented by O’Connor et al.
(2010) is applied to obtain &, which is used in this study as an indicator
of turbulent mixing. According to this method, ¢ is calculated at each
range gate from the vertical velocity variance (V,,) as:

2\*? -3/2
£= 271'(%) V(L - L) €]

L; stands for the length scale corresponding to the eddies sampled by
the lidar during 1 measurement and is estimated as the mean horizontal
velocity times the lidar sampling time (2 s in this case), while L relates to
the length scales of the largest eddies which pass completely through the
lidar beam during the averaging window and a = 0.55 is the Kolmogorov
constant for 1-dimensional wind spectra (Paquin and Pond, 1971).

Finally, all the calculated quantities are combined to create a
bitfield-based classification mask described in Manninen et al. (2018),
where further details on the software chain and the classification mask
are given. This algorithm has the aim of objectively assigning a domi-
nant source for turbulent mixing. After selecting regions with suitable
signal for further analysis, this algorithm first creates a mask identifying
the presence of turbulent mixing and whether it is associated with
clouds, the surface, or neither. The cloud base height is first obtained
and then a top-down approach is used to find all consecutive range gates
below the cloud with turbulence presence and containing negative
vertical velocity skewness. Similarly, surface-connected is resolved with
a bottom-up approach until the first range gate where no turbulence is
found. Turbulence identification is derived from € with a threshold & >
107° m? 573 or ¢ > 107* m? 573, depending whether the classified
heights were below cloud or connected to the surface (Manninen et al.,
2018). Then, all range gates with surface-connected turbulent behaviour
during daytime are classified as dominated by convective mixing. Dur-
ing night-time, when ABL is assumed to be neutral or stably stratified,
wind-shear derived turbulence is searched with a threshold sh > 0.03
g1 (Manninen, 2019a). Finally, range gates that are classified as tur-
bulent but are unconnected to surface or clouds during daytime, and not
related to wind shear during night-time, are labelled as ‘intermittent’
since turbulence is assumed to arise from other intermittent sources
(Lothon et al., 2014).

After the application of the processing chain to the databases, an
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additional criterion was used to ensure statistical representativity for the
statistical analysis. Wind retrieval was not available for certain time and
altitude gates where the signal-to-noise ratio was not enough (using a
threshold of —22.2 dB), when the quality of the retrieval was not enough
(using R? threshold of 0.95), where precipitation or fog was detected or
if there were no measurements (because of technical issues). With this in
mind, the fraction of the data from the total analyzed period that were
available was calculated for each hour of the day and altitude gate, and
we selected the ones with >60% availability to perform the statistical
analysis.

4. Results
4.1. Horizontal wind statistical characterization

Fig. 2 shows the time evolution of the hourly averaged wind speed
(Up) profiles, from 100 m a.g.l. to the maximum available altitude gate
(following the 60% availability criterion), over all measurements taken
each hour during the campaigns. Subplots (a), (¢) and (e) include the
number of profiles that were averaged for each of the resulting profiles
in subplots (b), (d) and (f), respectively. From subplots (b) and (d), a
quite similar behaviour can be observed for AMAPOLA and ABUN-
DANCEo campaigns, although the first one present less smooth average
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Fig. 2. Hourly averages of horizontal wind speed vertical profiles for the
three campaigns.
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profiles because of the shorter averaged period (12 days). This similar
diurnal evolution is, therefore, interpreted as typical for this location at
that time of the year (March-April). For this site, three different time
intervals can be identified in terms of average wind profiles: evening and
night (from around 16-17 h UTC to 7-8 h UTC) with moderate winds
around 5 m/s showing a height profile with a maximum around 500 m a.
g.1. that reaches up to 10 m/s at 19 h UTC for ABUNDANCEo and at 17 h
UTC for AMAPOLA; low winds in the morning (from around 7-8 h UTC
to 11-12 h UTC) with speeds increasing with height up to 5 m/s, and
constant wind profiles at noon and afternoon (11-12 h UTC to 16-17 h
UTQ).

Results for the polish site (Fig. 2¢) during POLIMOS revealed some
similarities and also some differences with respect to the location in
South Spain. Firstly, the average wind speeds were higher than in the
olive orchard campaigns during the whole day and for all heights.
Moreover, the diurnal pattern seemed to be strongly influenced by the
ABL development during daytime. The nighttime winds were strong for
this site, with averages close to 10 m/s for all heights, although the
height profiles also presented maximum speeds around 400-500 m a.g.l.
The daytime winds increased with height, with lowest velocities in the
central hours of the day.

In order to characterize wind directions, a wind rose study was
performed for the analyzed campaigns. We divided the hourly averaged
profiles into three height regions, namely 100-340 m a.g.l., 340-580 m
a.g.l. and 580-820 m a.g.l. Higher altitudes were not considered since
they did not fulfilled the 60% availability criterion. We also distin-
guished between two time intervals: ‘Daytime’ and ‘Nighttime’, which
were defined for each campaign as the hours when it was daytime (or
nighttime) for all the included days (considering the seasonal insolation
changes). The daytime hours were 05:30-18:50 h, 06:50-18:00 h and
04:45-16:45 h UTC for AMAPOLA, ABUNDANCEo and POLIMOS,
respectively, and the nighttime hours were 20:40-03:40 h, 20:00-04:40
and 21:40-00:15 h UTC, respectively. With this height and time in-
tervals, a total of six different wind roses for each campaign are depicted
in.

Fig. 3 with 45° angle intervals and the wind speed intervals: 0.0-2.5
m/s, 2.5-5.0 m/s, 5.0-7.5 m/s, 7.5-10.0 m/s and > 10.0 m/s.

The wind roses for both campaigns at the Iberian mountainous site
presented similarities, as in the case of wind speed averages, indicating a
general behaviour of the atmosphere over that location for those
months. In general terms, the predominant wind directions for both sites
were W and NW, what is to be expected due to the most frequent syn-
optic patterns in the northern hemisphere. However, the winds over the
olive orchard presented more marked modes of variation. A strong
contribution from S and SE was present in nighttime winds below 340 m
a.g.l. during ABUNDANCEo and AMAPOLA, with greater speeds in the
latter campaign. These southern winds lost importance at greater
heights, with almost no presence in AMAPOLA. This pattern is consistent
with mountain-valley flows due to the close presence of mountains at the
SW and E of the measuring site. During ABUNDANCEo, moreover, a non-
negligible SE contribution was present at those lowest heights also
during daytime.

The wind roses corresponding to POLIMOS reveal that the western
winds were predominant during daytime at all heights, with greater
speeds than in the mountainous site. During nighttime, the distribution
of the winds was almost homogeneous, with high frequency of winds of
>10 m/s, especially for the central height range.

4.2. Frequency and effect of clouds during the campaigns. Turbulence
case studies

The presence of ABL clouds can significantly influence the behaviour
and development of the ABL. When they cover the ABL, they reduce the
solar radiation reaching the surface, which directly decreases the
available energy of convective mixing. Moreover, cloud-top radiative
cooling can be dominant driver for turbulent mixing in an inverse
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process of the surface-driven turbulence, i.e., by favouring negatively
buoyant plumes generated at cloud top (Hogan et al., 2009; Wood,
2012). Therefore, it is important to consider the presence of clouds
within and on the ABL top during the analyzed periods to properly
interpret further results. In Fig. 4, the frequency of detected clouds is
depicted for all times. Note that, due to the different temporal scope of
the campaigns, these results must be differently interpreted. The cloud
presence during AMAPOLA (Fig. 4a) was quite frequent at all heights
over around 1 km a.g.l., a result that provides information on the
particular meteorological conditions during that period. For ABUN-
DANCEOo, Fig. 4b shows a band of clouds between 1 and 3 km in the
morning, which around 9-10 h starts to rise and increase its frequency
following a shape similar to the typical ABL height diurnal cycle. The
cloud band seems to be above the ABL with a vertical extension of
roughly 2 km. For POLIMOS (Fig. 4c), however, the plot shows a more
important presence of clouds from 10 to 16 h UTC, with altitudes rising
from 1 km to around 3 km a.g.l. with time. The longer duration of
POLIMOS campaign makes this result more representative of the Polish
flat-terrain peatland in summer 2018, and this effect can be considered a
more general behaviour likely also linked to the ABL convective growth.

In the view of the non-negligible presence of clouds during the three
studied campaigns, with frequencies reaching up to 30% for some
heights and times, the case studies shown are focused on the effects
commonly observed at both locations under cloud-topped boundary
layer (CTBL) versus non-CTBL conditions. Only one case is represented
for each type of conditions, because the observed effects of clouds were
found to be similar in both sites during the three campaigns.

Fig. 5 shows the temporal evolution of attenuated backscatter (B4,
TKE dissipation rate (¢), vertical wind skewness (S,,), horizontal wind
speed (Ug) and direction, wind shear (sh) and ABL classification mask
obtained from the Halo toolbox processing chain for 28 April 2016
during AMAPOLA campaign, as an example when the ABL was not
topped by clouds. This can be verified in Fig. 5a, where the whole ABL
(below around 2 km a.g.l.) remained with g, values below the cloud
threshold. The temporal evolution of ¢ (Fig. 5b) indicates that turbu-
lence started in the very low layers around sunrise (at 05:26 h UTC) and
created a turbulent layer that grew until reaching about 2 km a.g.l. at
noon. This turbulent growing layer presented strongly positive skewness
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Fig. 4. Frequency of occurrence of clouds with height and time resolution for
the three campaigns. Note that colour scales are different to improve clarity of
the plots.
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(Fig. 5c), and therefore could be classified as convective mixing
(Fig. 5g). In coincidence with the increasing turbulence, it is noticeable
the decrease of B4 (Fig. 5a), meaning that in absence of strong sources,
aerosol concentration reduced as particles were mixed in a higher col-
umn. The convection was dominant during the whole day, allowing the
development of the ABL until sunset (at 18:56 h UTC that day). After
that, ¢ strongly decreased and aerosol was more concentrated again,
with increasing fg. This sudden stop of convection was well captured by
the classification mask (Fig. 5g), although some remaining turbulence
was still detected at different heights after sunset. That turbulence was
labelled as intermittent by the classification mask, since it was uncon-
nected with surface or with any strong wind shear (Lothon et al., 2014;
Manninen et al., 2018).

This example case also illustrates the wind-shear driven turbulence.
Wind shear vector (Fig. 5f) displayed strong variations from 0 up to 0.06
s ! inside the convective growing layer, but the algorithm always as-
sumes that convective mixing dominates as turbulence source when
present. However, in the hours before sunrise, the presence of a low-
level jet (Blackadar, 1957), shown by the higher wind speeds between
500 and 1000 m a.g.l. (Fig. 5d) together with a different direction with
respect to lower and higher altitudes (Fig. 5e), created two layers with
wind shear values larger than 0.02 s~ (Fig. 5f). Those layers produced
nocturnal turbulence in a stratified pattern, with high ¢ values close to
the surface and in the elevated layer around 1 km a.g.l. This pattern
coincided with negative S, values (blue areas before 5 h UTC in Fig. 5¢),
with a layer of positive S, in between. The BL-classification mask
(Fig. 5g) labelled those altitude gates as turbulent, with source in wind
shear.

The second analyzed case corresponds to 14 September 2018, at the
Polish location during POLIMOS. In this case, some low clouds were
present, interacting with the ABL turbulence evolution. Fig. 6 shows the
temporal evolution of the same relevant variables as in previous case.
High fa values (red colour in Fig. 6a) revealed the cloud presence
during almost the whole day, most of the time at the top of the detected
ABL (around 1 km a.g.l.). During the early morning, around 6 h UTC,
some very low clouds were formed at <0.5 km a.g.1., coinciding with the
starting of the convective turbulence as evidenced by growing ¢ values
(Fig. 6b) and positive S,, (Fig. 6¢) and correctly labelled by the classi-
fication mask (Fig. 6g).

The effect of the clouds observed at 1 km a.g.l. during nighttime
(00:00 to 05:30 h UTC) was the predominance of downdrafts, revealed
by the negative S, below that height (Fig. 6¢). These downdrafts pro-
duced slightly higher values of ¢ in a more or less homogeneous layer of
200 m below the clouds (Fig. 6b), being thus classified as cloud-driven
turbulence (Fig. 6g). That classification, however, might not to be
providing correct label before around 02:00 h UTC, when turbulence
over 500 m a.g.l. was interpreted as ‘intermittent’. This may probably be
caused by the apparent lack of connection between that area and the
clouds above, actually due to the lack of enough signal.

On the other hand, the effect of the clouds that were present on top of
the convective layer, at 1.5 km a.g.l. around 13:30 h UTC seemed to
avoid the further growth of that layer, that sharply stopped the upwards
movements (positive S,,) and decreased its ¢ values although sunset was
later around 17 h UTC that day. After this effect, some turbulence was
detected at layers unconnected from the surface from around 0.5 km up
to >1 km a.g.l., what could be related to the dissipation of the turbulent
energy from the disappearing convective layer. Horizontal winds for
that day (Fig. 6 d, e) were low and only created some layers with
moderate wind shear (Fig. 6 f), not able to significantly produce asso-
ciated turbulence. The classification mask (Fig. 6 g), therefore, labelled
those moderately turbulent layers after sunset as presenting ‘intermit-
tent’ turbulence.

4.3. Statistical characterization of turbulence sources

The ABL-classification mask from ‘Halo lidar toolbox’ was applied to
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the three campaigns. Then, the frequency of each turbulent source was important to notice that in the view of the previous cases, the resulting
calculated with time and height resolution, in order to identify the frequencies could be slightly underestimated, especially at heights close
general behaviour of the analyzed campaigns in terms of turbulence. It is to the top of the ABL. The lack of enough quality signal, sometimes
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occurring at those heights, might lead to a wrong application of the first
mask, classifying the turbulence as unconnected from surface or from
clouds when there are intermediate pixels that were filtered out. Fig. 7
displays the results for the three main turbulence sources, namely
‘convective’ (Fig. 7a, d, g), ‘wind shear driven’ (Fig. 7b, e, h) and cloud
driven (Fig. 7c, f, i). Although a very similar behaviour could be found in
terms of horizontal wind in Subsection 4.1 for the two campaigns at the
Spanish site, the results were not very similar in terms of turbulence
sources. Therefore, the different month of the year and the particular
cloud and meteorological conditions of the campaigns played a major
role in the turbulent behaviour.

The convective mixing frequency plots show a clear diurnal evolu-
tion for the two sites, as it was already illustrated with the study cases in
the previous subsection. This mechanism usually starts with sunrise in
the lowest heights and is more frequent at growing altitudes up to a
maximum. For POLIMOS and ABUNDANCEOo, this maximum height was
around 600 m a.g.l. for ~70% of the measurements in the central hours
of the day, and reached almost 1000 m a.g.1. in ~40% of the cases. The
conditions during AMAPOLA, however, decreased that maximum height
down to around 400 m a.g.l. in 60% of cases, reaching >500 m a.g.l. in
<30% of cases.

Wind shear plots only present frequency values during nighttime,
since convective mixing is assumed to dominate the surface-connected
turbulence when it is present (during daytime). ABUNDANCEo was
the campaign with more detected wind shear driven turbulence, with
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frequencies around 20% in all heights from the surface up to 600 m a.g.1.
During AMAPOLA, the turbulence due to this mechanism was very su-
perficial in the evening and located in a decoupled layer around 300 m a.
g.l. from 00 to 05 h UTC. Wind shear driven turbulence was also relevant
in the peatland site, but it was always detected below 100 m a.g.l.
Despite the different height distributions of wind shear, we observed
frequencies larger than 40% for some ranges and times at both rural
sites, making this mechanism much more relevant than in urban envi-
ronment as observed e.g. in Granada city (Ortiz-Amezcua et al., 2022).

Finally, the cloud driven turbulence frequency was also represented,
although the frequency of this mechanism was much lower than the rest
(<10% frequency). Moreover, the frequency of this mechanism is
completely influenced by the particular conditions during AMAPOLA
and even during ABUNDANCEO, due to their more limited duration. For
POLIMOS, however, we conclude that clouds were able to produce
turbulence mainly during the central hours of the day at heights between
600 and 1000 m a.g.l., with frequencies around 5%.

5. Conclusions and final remarks

Two different rural sites were characterized in terms of horizontal
wind field and turbulence by Doppler lidar technique. The statistical
analysis of the horizontal wind for the three analyzed campaigns indi-
cated a general trend of winds blowing from W with the highest speeds
during nighttime, a feature that was not found in other studies. Higher
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average speeds were found for the flat-terrain peatland site, where the
diurnal evolution showed a clear pattern dominated by the daytime ABL
growth. For the mountainous olive orchard in South Spain, an important
contribution of winds from S was found during nighttime, in consonance
with the flows generated by the surrounding mountains. From this
analysis, the strong capability of Doppler lidar to provide enough
valuable data to perform robust statistical analysis was demonstrated,
with the added value of the vertical resolution apart from the high
temporal resolution. This allowed for separating different wind contri-
butions or patterns, in terms of speed and direction, at the different
heights in the analyzed locations, crucial information for a correct
modelling of such environments.

The turbulence analysis appeared to be more dependent on the
particular meteorological conditions during the measurement
campaign, with a strong influence of boundary layer clouds presence.
The non-CTBL case showed a typical situation where ABL is fully
developed during daytime due to convection, with high turbulent ac-
tivity (in terms of €) and strong positive skewness indicating frequent
and powerful updrafts. The cloud-topped case showed the strong influ-
ence that clouds can have on ABL developement, avoiding it to reach the
same maximum height and introducing top-down movements as
important contribution to mixing. The statistical analysis of turbulent
sources showed a similar importance and height distribution of daytime
convective mixing at both locations, excepting for the cloud influence
during AMAPOLA campaign. Wind shear mechanism was found to be
present also with similar frequencies, but homogenously distributed up
to 600 m a.g.l. for the olive orchard and concentrated below 100 m a.g.l.
for the peatland site. Cloud driven turbulence was found to be a non-
negligible contribution during the studied campaigns.

The analysis of example cases and the statistical analysis illustrated
the strong capabilities of the applied algorithms, and also some of its
limitations. The classification mask was able to identify even quick
changes in the turbulence regime, for example due to the stop or
decrease of the incoming solar radiation due to sunset or the presence of
boundary layer clouds, due to the presence of strong shears, or nega-
tively buoyant plumes from boundary layer clouds. However, one of the
limitations was the attribution of turbulence to a single dominant
source, without the possibility of quantifying the presence of simulta-
neous sources. It is suggested, and likely possible to achieve with
Doppler lidar measurements, to include a new mask providing a level of
confidence or probability to the different identified sources in future
versions of the algorithm. Moreover, the classification of turbulence as
surface-connected, cloud-connected, or unconnected should take into
account the possibility that some pixels are not available due to filtering
so that the connection with the mentioned sources is not artificially lost.
Those recommendations would enhance the robustness of the algorithm
and improve the general understanding of further explored databases
similar to the ones presented here.
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