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Abstract

We present a method using Doppler lidar data for identifying the main sources of turbulent
mixing within the atmospheric boundary layer. The method identifies the presence of tur-
bulence and then assigns a turbulent source by combining several lidar quantities: attenu-
ated backscatter coefficient, vertical velocity skewness, dissipation rate of turbulent kinetic
energy, and vector wind shear. Both buoyancy—driven and shear—driven situations are iden-
tified, and the method operates in both clear—sky and cloud—topped conditions, with some
reservations in precipitation. To capture the full seasonal cycle, the classification method was
applied to more than one year of data from two sites, Hyytidld, Finland, and Jiilich, Germany.
Analysis showed seasonal variation in the diurnal cycle at both sites; a clear diurnal cycle
was observed in spring, summer, and autumn seasons, but due to their respective latitudes, a
weaker cycle in winter at Jiilich, and almost non—existent at Hyytiédld. Additionally, there are
significant contributions from sources other than convective mixing, with cloud—driven mix-
ing being observed even within the first 500 m above ground. Also evident is the consider-
able amount of nocturnal mixing within the lowest 500 m at both sites, especially during the
winter. The presence of a low—level jet was often detected when sources of nocturnal mix-
ing were diagnosed as wind—shear. The classification scheme, and the climatology extracted
from the classification, provide insight into the processes responsible for mixing within the
atmospheric boundary layer, how variable in space and time these can be, and how they vary
with location.

1 Introduction

Reliable representation of turbulent mixing within the atmospheric boundary layer
(ABL) is essential for air quality studies, wind energy, and for weather and climate models
[e.g. Garratt, 1994]. Turbulent mixing is responsible for the redistribution of momentum,
mass, temperature and humidity within the ABL [Oke, 1992]. In addition, turbulent pro-
cesses govern the rate of exchange between the surface and the atmosphere and determine the
transport of aerosol away from the surface [Kaimal and Finnigan, 1994]. The sources of tur-
bulent mixing include buoyancy production and wind shear production [Deardorff, 1972;
Moeng and Sullivan, 1994] and are highly variable in time and space; therefore accurate
measurements [Baklanov et al., 2011] and representation in numerical models is a challenge
[Holtslag et al., 2013].

Buoyancy production, in terms of surface—driven convective mixing, is usually the
dominant source of turbulent mixing in the ABL during the day [Oke, 1992], but also radia-
tive cooling in stratocumulus layers can drive top—down mixing from the cloud layer towards
the surface during day and night [Hogan et al., 2009; Wood, 2012]. Shear—driven production
arises from shear in the near—surface wind profile induced by mechanical friction between
the atmosphere and surface, and from the shear associated with low—level jets [e.g. Banta
et al., 2006; Tuononen et al., 2017].

Doppler lidar measurements provide sufficient temporal and spatial resolution for ob-
serving turbulent mixing in the ABL [e.g. Tucker et al., 2009], but have typically concen-
trated on particular quantities [O’Connor et al., 2010; Vakkari et al., 2015; Smalikho and
Banakh, 2017] or processes [Hogan et al., 2009; Barlow et al., 2011; Traumner et al., 2011;
Su et al., 2016], or deriving the mixing level height [Baars et al., 2008; Pearson et al., 2010;
Schween et al., 2014]. To better comprehend the complex structure and evolution of the
ABL, Harvey et al. [2013] introduced a profile-based Doppler lidar method for determin-
ing specific ABL types concentrating on whether the cloud—topped ABL was coupled to the
surface.

Here we introduce a method that builds upon the method presented by Harvey et al.
[2013], and which objectively assigns a source for the turbulent mixing identified in the ABL
by Doppler lidar. The method combines multiple quantities derived from Doppler lidar mea-
surements to output a pixel-based classification for the turbulent source at high temporal and



spatial resolution (3 minutes and 30 m for the instruments used here). The method is robust
for almost all situations except fog and precipitation and is intended to be site—independent.
Fog often impedes the propagation of the Doppler lidar signal and is mostly present at eleva-
tion, which are lower than the lowest observable Doppler lidar range gate 105 m. Contami-
nation of lidar measurements from precipitation can be an issue and the methodology could
be improved with an inclusion of a robust method for detecting precipitation in Doppler lidar
measurements which to the authors’ knowledge does not exist yet. However, a simple pre-
cipitation detection method, which is described in section 3.2, was applied to the data set.

In principle, this method can be applied to any Doppler lidar that provides measurements of
vertical Doppler velocity and horizontal winds, and require only Doppler lidar; however, it is
designed so that it can be easily extended with supplementary information, such as sensible
heat flux measurements from a 3-D sonic anemometer.

For this study, we applied the classification method to long—term datasets (over one
year) to capture a full seasonal cycle of the ABL using instruments at two sites in Europe.
The instruments and their operating specifications, together with their locations, are de-
scribed in section 2. The classification method is presented in section 3, which describes
the lidar quantities that are required, together with their associated uncertainties, and the de-
cision tree that is used to assign the source. In section 4, two case studies are highlighted to
show how the method performs in both clear—sky and cloudy—topped ABL situations, and the
results from the long-term climatological analysis at both sites are discussed.

2 Measurements
2.1 Halo Photonics Streamline Scanning Doppler Lidar

The Halo Photonics Streamline Doppler lidar [Pearson et al., 2009] is a pulsed lidar
system with a heterodyne detector operating in the near-infrared spectral region. This in-
strument has full hemispheric scanning capability and provides range—resolved profiles of
backscattering signal and radial Doppler velocity with user—selectable resolution. The in-
strument parameters during standard operation for the two instruments considered here are
given in Table 1. To obtain reliable uncertainty estimates, Manninen et al. [2016] showed
that the Halo lidar signal output often require further processing to account for artifacts in
the instrument background signal. This extra processing also has a major impact on the data
availability, especially in regions with a low aerosol loading. The extra processing does not
affect the Doppler velocities. After the background correction, new measurement uncertain-
ties are derived from the corrected signal [Rye and Hardesty, 1993; O’Connor et al., 2010],
which will then propagate through to the products derived from the lidar signal and radial
Doppler velocity. Profiles of calibrated attenuated backscatter coefficient () are also derived
[Westbrook et al., 2010], if the telescope function is known [Hirsikko et al., 2014].

2.2 Site and Data Set Description

To evaluate the ABL classification, Halo lidar measurements from two locations are
utilized: Hyytiéld, Finland and Jiilich, Germany. Both locations represent a maritime to con-
tinental environment in the high— and mid-latitudes, respectively. The data set used in this
study consists of Halo lidar measurements performed between 1 September 2015 and 15
November 2016 at Hyytidld, and from 1 May 2015 to 31 December 2016 at Jiilich.

Hyytiéla hosts the Station for Measuring Ecosystem—Atmosphere Relations SMEAR-II
[Hari and Kulmala, 2005] operated by the University of Helsinki and is located in the south-
western part of Finland (61.845 N, 24.289 E). The site is about 190 km north of Helsinki and
150 km from the shores of the Gulf of Bothnia in the west. The site represents a typical rural
boreal forest environment and was established to teach and study forestry in 1910. Together
with forest science research, atmospheric measurements have been performed at the station
since the 1980’s and the SMEAR-II station has been operational since 1995. The station is



embedded within the Aerosols, Clouds and Trace gases Research Infrastructure (ACTRIS),
Integrated Carbon Observation System (ICOS), and Long-Term Ecosystem Research in Eu-
rope (LTER-Europe) infrastructures.

The Halo lidar, operated by the Finnish Meteorological Institute (FMI), has been op-
erating continuously at the station since 2013, following the operational scanning strategy
outlined in Hirsikko et al. [2014]. The scanning sequence for this period comprised: VAD
scan at 30° elevation from horizontal with 23 beams (excluding one blocked beam) every 30
min, 3-beam Doppler beam swinging (DBS) scan at 70° elevation every 30 min; range height
indicator (RHI) scan and custom sector scan every 30 min with slightly varying integration
times. When not scanning, the instrument was performing vertical stare measurements with
10 s integration time. For Hyytiél4, only the DBS scans were used for the Halo lidar wind
retrievals.

The Jiilich ObservatorY for Cloud Evolution (JOYCE) is embedded in the German
Research Foundation (DFG) Transregional Collaborative Research Centre Transregio32 Pat-
terns in Soil-Vegetation-Atmosphere Systems - Monitoring, modeling and data assimilation
of the Universities of Aachen, Bonn, Cologne, and the Research Centre Jiilich. The JOYCE
instrumentation aims to observe the variability of atmospheric water cycle variables, help-
ing to understand the interactions between soil, vegetation, and atmosphere through spatially
and temporally highly resolved measurements. As a registered DFG Research Infrastruc-
ture, JOYCE has recently (beginning of 2016) been funded as a DFG Core Facility in order
to professionally manage user access to JOYCE instruments, observation data and scientific
expertise. Internationally, JOYCE is a Cloudnet observatory embedded within the European
Horizon2020 Research Infrastructure ACTRIS-2. In March 2016 the European Strategy Fo-
rum for Research Infrastructures (ESFRI) officially adopted ACTRIS. Most of the instru-
ments (including the Doppler lidar) are located on the roof of the Institute for Energy and
Climate Research - Troposphere IEK-8 at the Research Centre Jiilich, which is embedded in
an agricultural dominated landscape (50.909 N, 6.414 E, 111 m a. s. 1.).

At Jiilich, the operational scanning strategy consists of a 75° elevation VAD scan with
36 beams every 15 min. Every 5 min a DBS scan is conducted with the same elevation an-
gle. Since 1 June 2015 an additional VAD scan with only three beams was set up following
the DBS scan. Furthermore an RHI scan at 0° azimuth is performed every hour with 5° in-
crements, resulting in 37 beams. For the remainder of the time, vertical stare measurements
are carried out with 1 s integration time. For Jiilich, only the VAD scans were used for the
Halo lidar wind retrievals. To filter atmospheric lidar signal from noise, we have selected a
conservative SNR threshold of -20 dB at both sites.

3 Methodology
3.1 Calculation of the Required Quantities From Doppler Lidar Measurements

The ABL classification method requires the following lidar quantities as inputs: atten-
uated backscatter coefficient, vertical velocity skewness, dissipation rate of turbulent kinetic
energy (TKE), vertical profiles of horizontal wind, and vector wind shear. These lidar quan-
tities are derived from the data corrected following Manninen et al. [2016] and generated at
the original vertical resolution and selected temporal resolution, unless otherwise mentioned.
The choice of temporal resolution depends on the signal strength and data availability; i.e.
the aerosol loading in the region where the Halo lidar is located; more averaging is required
in clean-air situations. In addition, it is necessary to ensure that the turbulent length scales
imposed by the choice of temporal resolution encompass eddies that remain within the iner-
tial subrange [Frehlich and Cornman, 2002; O’Connor et al., 2010]. Hence, for the sites in-
vestigated here, 3 minutes was determined as the temporal resolution limit for generating the
ABL classification. Vertical velocity skewness requires a longer time window [e.g. Hogan
et al., 2009; Harvey et al., 2013], which is further discussed below.



The height of the aerosol layer, in terms of the Halo lidar measurements, is calculated
from the averaged attenuated backscatter coefficients (5). The height is utilized to limit the
calculations to the height ranges with sufficient atmospheric signal. Clouds are detected
from the S values by selecting a threshold from the literature: 107> m~! sr™! [e.g. Hogan
et al., 2009; Westbrook et al., 2010; Harvey et al., 2013]. Ideally, the cloud detection scheme
should include objective cloud—precipitation discrimination.

The uncertainty in attenuated backscatter coefficient o is calculated by:
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where n,, is the number of pulses per ray and SNR is the signal-to—noise ratio. Since the 8
value at cloud base is at least two orders of magnitude above aerosol S values, and usually
have high SNR, we consider that o has little impact on the simple threshold—based cloud
detection method.
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The vertical velocity variance and skewness are calculated from the vertically—pointing
radial Doppler velocities by using a method presented by Rimoldini [2014], which provides
higher order moments unbiased by random uncertainties or sample size.The vertical velocity
skewness is used to diagnose whether the turbulence is cloud—driven, as discussed in section
3.2.2. Uncertainties of velocity variance and skewness were estimated by using bootstrap-
ping technique e.g. Kleiner et al. [2014]. To capture reliable skewness of vertical air motion
in the ABL, a 60 minute time window was determined to be suitable. Skewness calculated
with the 60 minute window is then sub—sampled to 3 minutes with linear interpolation to
match the temporal resolution of other lidar quantities. Skewness is highly noisy quantity
and thus in the results presented here, median filtering is applied with using a windows size
of ten consecutive 3 minute profiles and three range gates.

In order to associate a source of the mixing process, the most important part of the
classification is the identification of the turbulent regions of the ABL. Hogan et al. [2009]
discussed that a combination of vertical velocity skewness and variance (a'vz) can be used
to detect turbulence. In this study, the presence of turbulent mixing is diagnosed from the
dissipation rate of TKE, which is calculated from vertically—pointing data using the method
presented by O’Connor et al. [2010]:
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where the a = 0.55 is the Kolmogorov constant, o; is the standard deviation of the mean ra-
dial velocity of a selected time averaging window [O’Connor et al., 2005], L is the length
scale of the largest eddies that pass completely through the lidar beam during the averag-

ing window, and L; describes the length scale of the scattering volume dimension per single
sample in the averaging window. It is important to note that, if present, the impact of wave
motions to the observed o; and henceforth to the € should be taken into account because the
wave motions do not cause turbulent mixing [Bonin et al., 2018].

The method also provides an uncertainty estimate for €, described in terms of frac-
tional error, Ae/e, where Ae is the absolute error in TKE dissipation rate (for further details,
see O’Connor et al. [2010]). Horizontal winds are required to estimate the length scales L
and Ly, and these may be provided the instrument itself, if scanning capable, or by supple-
mentary sources such as radiosonde, wind profiler or weather forecast models [O’Connor
et al., 2010]. Low SNR or highly turbulent conditions can impact the Doppler lidar wind re-
trievals [Paschke et al., 2015; Newsom et al., 2017], in which case, when Halo lidar horizon-
tal winds are not available, horizontal winds provided by e.g. the Global Data Assimilation
System GDAS [GDAS, 2016] can be used instead.
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To investigate how the uncertainty in € estimate change when model winds are used in-
stead of winds retrieved with Doppler lidar, we calculated € using (2) with both wind datasets
and compared the resulting fractional errors in €. Figure 1 shows an example day from 9
March 2016, Jiilich, Germany, where Halo lidar winds could be retrieved throughout the
ABL. The median difference in fractional error in € was 0.11% with standard deviation of
4.1%. Given that a typical threshold value for reliable € estimates can be as high as 300%,
as suggested by O’Connor et al. [2010], the additional uncertainty arising from using GDAS
model winds is considered to be insignificant. However, in the results presented in this paper
we have used only the Halo lidar winds.

Wind shear, which is also a source of turbulent mixing, can be derived from the Doppler
lidar retrievals of horizontal wind. The vector wind shear is given by e.g. ICAO [2005]:

(A2 + Av2)'
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where the vector difference of the u— and v—wind components is divided by the height differ-
ence Az between the two altitudes over which the wind shear is calculated. Here, the vector
wind shear is calculated over three range gates (Az = 90 m). The uncertainty in vector wind
shear is obtained by propagating the uncertainty in the winds. In good conditions, the uncer-
tainty in horizontal wind is of the order 0.2 m s~! for VAD scans, but inhomogeneous flow
in strongly turbulent mixing layers can increase the uncertainty significantly [Péschke et al.,
2015]. Thus, we assume that, when present, convective mixing is the dominant cause of tur-
bulence within the ABL and neglect the influence of vector wind shear. Wind shear is not
calculated when Doppler lidar winds are not available.

For additional information, the low-level jet (LLJ) detection algorithm presented by
Tuononen et al. [2017] is applied. LLJs have been shown to cause shear—driven turbulence
above and below the jet nose, especially in the nighttime ABL [Banta et al., 2006], and also
during daytime in coastal locations [Tuononen et al., 2017]. In the results presented here,
only the presence and the height of the detected LLJs are shown, but LLIJs are not explicitly
diagnosed as the turbulent source, as automated attribution is still under evaluation.

3.2 Generating the Atmospheric Boundary Layer Classification Product

The main product of the method presented in this paper is a classification bitfield, in
which each bit contains the relevant information obtained from each individual quantity re-
quired for the boundary layer classification. The two masks, generated using the decision
tree logic, are derived from the bitfield. This approach allows straightforward implementa-
tion of future developments, such as improved methods and supplementary information (e.g.
surface stability), through which new bits can be added to the bitfield, without changing the
current logic. The decision tree logic can be modified without modifying the bits, and more
classes can be added by including the new bits when deriving masks from the bitfield. The
bitfield can be represented by two fields, one identifying the presence of turbulent mixing
and whether it is associated with clouds, the surface, or neither (section 3.2.1), and one pre-
senting the diagnosed dominant source of mixing (section 3.2.2). These fields are generated
at the same time-height resolution as the input lidar quantities. The classification product
classes are denoted in italics.

Precipitation cases are identified profile-by-profile from the vertical velocity data by
using the assumption that all precipitation has a fall velocity greater than 1 m s™!. Since tur-
bulent motions can also exceed 1 m s™!, a pixel-by-pixel approach will not suffice. However,
a mean negative Doppler velocity averaged over a larger time and vertical window is also
not a sufficient discriminator, since large turbulent eddies can also result in a mean negative
Doppler velocity at the time and spatial scales that would seem suitable for detecting precip-
itation. Hence, we use the additional criterion that 95 % of the Doppler velocities within the
averaging window must also be < -1 m s~!; the entire profile within which any pixel meets



these criteria is then diagnosed as containing precipitation. An averaging window of 3 x 7
pixels (equivalent to 9 min and 210 m) was applied to the 3-minute averaged profiles; since
precipitation is more coherent in the vertical dimension, enlarging the window in the vertical
direction provides more values from which to compute the 95th percentile, and is a compro-
mise between obtaining a robust result and retaining the temporal resolution necessary to
capture some precipitation features. This precipitation diagnostic may not be suitable in lo-
cations where there is significant large scale vertical motion arising from orographic features
or strong convection. At the two locations in this study, the precipitation diagnostic removed
about 1 % of the profiles at Hyytiild, and about 2 % at Jiilich.

3.2.1 Surface-Driven Versus Cloud—Driven Turbulent Mixing

The presence of turbulence is obtained from € using a threshold-based approach. Pre-
vious studies suggest € > 107 m? s as a suitable threshold value [e.g. O’Connor et al.,
2010; Vakkari et al., 2015; Borque et al., 2016]. We selected € > 1075 m? s73 as our thresh-
old for detecting turbulent mixing, and a threshold of € > 107 m? s~> for detecting surface—
connected mixing, as discussed below. Pixels above the € > 1073 m? s~3 threshold are de-
termined to be turbulent and below the threshold as non—turbulent. The presence of cloud
in a profile is also determined using a threshold value, 8 > 107> m~! sr™! being labeled as
in—cloud.

When the ABL is topped by stratocumulus clouds, cloud—top radiative cooling can
be the dominant driver for turbulent mixing within the ABL [Wood, 2012], which resem-
bles the inverse of surface—driven turbulence [Hogan et al., 2009] and can be recognized
from the vertical velocity skewness. In order to determine whether turbulent mixing is as-
sociated with a cloud layer, labeled cloud—driven, 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
€ > 107 m? s and containing negative vertical velocity skewness. Similarly, surface—
connected, is resolved with a bottom—up approach by searching the profile upwards until the
first range gate where € < 107* m? s73 is found, starting at the lowest reliable range gate of
the Halo lidar (105 m). Any remaining range gates where € > 107 m? s=3 are labeled as un-
connected. In principle, the regions labeled surface—connected comprise the mixing layer,
from which the mixing layer height can be produced; a valuable parameter for many appli-
cations. Cases where the surface—connected and cloud—driven turbulence are coupled, spe-
cial care should be taken in determining the height of the mixing layer since ascending and
descending plumes have been observed to pass through the interface between positive and
negative skewness layers indicating surface—connected and cloud—driven layers, respectively
[Hogan et al., 2009].

3.2.2 Identifying The Turbulent Mixing Source

The source of turbulent mixing is derived using decision tree—based logic, as presented
in Figure 2, which requires an additional input describing the atmospheric thermodynamic
stability close to the surface. First, pixels are identified as being in—cloud or not. Then, tur-
bulent pixels are separated from non—turbulent and cloud—driven pixels are identified. Other
turbulent pixels are then classified depending on the atmospheric stability close to the sur-
face, whether they are in contact with the surface, and whether there is wind shear present.

In the absence of ancillary measurements, it is assumed that the daytime ABL is un-
stable, and the nighttime ABL is neutral or stably stratified [e.g. Oke, 1992; Garratt, 1994],
with sunrise and sunset calculated using the method described in Ibrahim and Afshin [2008].
In unstable situations, convective mixing is assumed to be the dominant source of turbulence
for pixels labeled surface—connected. It is important to note that the ABL does not become
unstable immediately after sunrise but that it takes some time, the length of which depends
e.g. on solar angle, cloud cover, and surface characteristics [Ketzler, 2014].



In stable or neutral conditions, any turbulence in the presence of significant wind shear,
defined as > 0.03 s7!, is assigned the class wind shear, which may include surface—connected,
and unconnected pixels (but not cloud—driven), and is often seen in the presence of a low-
level jet as in the case study discussed in section 4.1. This class is not assigned in unsta-
ble situations as it is assumed that any mechanically—driven turbulence is dominated by
thermally—driven turbulence.

For all remaining unassigned pixels, turbulence is assumed to arise from decaying con-
vective eddies after sunset, or from other intermittent sources [Lothon et al., 2014], and la-
beled as intermittent.

4 Results and Discussion

We first present two case studies, a clear—sky day from Jiilich, and a cloud—topped
ABL from Hyytiidli, to illustrate the detailed performance of the classification scheme on
a daily basis. The ABL classification scheme is then applied to more than one year of data
from both sites to display how the classification scheme is used to investigate the relative
proportion of surface—driven, cloud—driven, and other turbulent sources, their diurnal cycle,
and their seasonal variation.

4.1 Clear-Sky Case Study

Figure 3 displays lidar quantities calculated from the Halo lidar data for a clear—sky
day in Jiilich, Germany. The development of the ABL structure is typical for a clear—sky day
between spring and early autumn in a mid—latitude and semi—urban environment. Sunrise is
at 06:08 UTC and a layer with high TKE dissipation rate values (¢ > 107> m? s—) and gen-
erally positive skewness values can be seen growing to reach about 1200 m by 10:00 UTC,
indicative of surface—driven convective mixing. This layer then begins reducing in altitude
after 16:00 as the turbulent mixing associated with surface heating weakens, as expected with
sunset at 17:24 UTC. The ABL classification product displayed in Figure 4, diagnosed us-
ing the decision tree (Figure 2), produces the same result, surface—connected mixing with a
convective source during the daytime.

However, there are other turbulent features present in the ABL. Between 00:00 and
09:00 UTC there is significant turbulent mixing at altitudes up to 500 m or more, the upper
boundary of which coincides with a strong gradient in the attenuated backscatter field. This
early morning turbulent mixing correlates well with an elevated layer of strong vector wind
shear (> 0.03 s1) as does another elevated turbulent layer after sunset between 17:30 and
22:30 UTC. Applying the LLJ algorithm to the horizontal wind profiles, displayed in Figure
4, shows that LLIJs are present at these times and at appropriate altitudes, since the strongest
wind shear associated with LLJs is usually below the jet maximum. There is also strong
near—surface shear coupled with turbulence detected between 00:00 and 4:00 UTC and be-
tween 18:00 and 24:00 UTC, presumably a result of the surface friction. These features are
also captured in the classification product as wind shear, and may be surface—connected or
unconnected. Turbulent features without an objectively determined source are labeled as in-
termittent. In this pixel-by—pixel approach we assume that convective mixing dominates any
wind shear, since convection also manifests apparent wind shear at the 3 minute resolution
used here (due to updrafts and downdrafts being advected over the site). Outside convective
regions, pixels classified as intermittent might also be a result of wind shear but not directly
affected by wind shear. For interpreting wind shear affected regions, temporal and spatial
consistency of the classification should be considered, and the wind shear threshold sensitiv-
ity tests should be carried out at several sites.

Note that there are weak features that could be interpreted as decaying turbulence in
Figure 3c, such as after 16:00 UTC up to 1 km, but since € < 107 m? s the decaying tur-



bulence is labeled accordingly as non—turbulent in Figure 4a-b. This is a consequence of the
relatively high fractional errors in dissipation rate for low € values.

4.2 Cloud-Topped Case Study

Figure 5 displays the same lidar quantities as in Figure 3 calculated from the Halo lidar
data for a non—precipitating stratocumulus cloud—topped case in Hyytiilé, Finland. Exhibit-
ing high attenuated backscatter (8 > 107* m~! sr™!), the stratocumulus cloud layer is clearly
visible in Figure 5a at altitudes ranging from 500 m between 00:00 and 04:00 UTC and ris-
ing to about 1000 m by 06:00 UTC. The stratocumulus layer persists until 14:00 UTC and
then reappears in the evening after 21:00 UTC, with clear skies in between. A deep layer
of high dissipation rate (e > 107* m? s~%) and negative skewness values is associated with
the cloud layer, and is not present during the clear sky period in the afternoon. In the morn-
ing, between 00:00 and 05:00 UTC, this layer can be seen to reach from cloud—base down to
about 200 m altitude between 00:00 and 05:00 UTC (Figure 5b-c), below which exists a layer
with positive skewness values, indicating that although cloud—driven turbulent mixing dom-
inates most of the ABL depth, it is not able to mix through to the surface. Once the cloud
layer is not present, after 14:00 UTC, the turbulent mixing associated with the cloud also dis-
appears rapidly, with the skewness values switching from negative to positive in the absence
of any turbulent source. Negative skewness values return in the evening at 21:00 UTC and at
1000 m when the stratocumulus layer reappears, with a turbulent layer growing below cloud
base.

After sunrise at 04:24 UTC, a turbulent layer with positive skewness values indicat-
ing surface—driven mixing grows from the surface to reach 800 m by 14:00 UTC, before de-
caying again towards sunset at 16:29 UTC. Although relatively high dissipation rate values
are present throughout much of the ABL between 00:00 and 15:00 UTC, strong gradients
in vertical velocity skewness and dissipation rate suggest that there are two turbulent layers
and little mixing across the boundary between them. These features are captured in the ABL
classification product in Figure 6, which shows separate regions of mixing: one connected
to clouds (cloud—driven); one connected to the surface (surface—connected) and associated
with convective mixing. Cumulus clouds at 500 m in altitude are present around 12:00 UTC,
and correctly identified by the classification as being surface—connected, due to the positive
skewness values and connection of the turbulent layer to the surface. There are also regions
labeled intermittent or wind shear where the turbulent ABL has been identified, but, due to
alternating positive and negative patterns observed in the vertical velocity skewness (e.g. be-
tween 22:00 and 23:00 UTC), the objective nature of the classification scheme does not issue
a definitive association with the surface or cloud layer.

Hence, the classification scheme is able to distinguish between coupled and decou-
pled clouds, identify the layer of mixing associated with clouds and whether it dominates any
surface—driven mixing, and aid in determining whether cumulus clouds formed underneath a
stratocumulus cloud layer act to couple the stratocumulus layer to the surface [Krueger et al.,
1995; Wood, 2012].

4.3 Climatological Analysis

Figure 7 displays TKE dissipation rate with respect to the time of day (TOD) and day
of year from Jiilich, Germany. There is a clear diurnal and seasonal cycle, and the presence
of strong dissipation rate generally lies between sunrise and sunset. The time lag between
sunrise and the onset of turbulence increases with altitude, and, above 400 m, the atmosphere
is typically calm before sunrise and after sunset. However, there are also periods where there
is no diurnal cycle, visible in the plots as vertical bands of high dissipation rate, and these are
connected to days where turbulence in the ABL is mainly driven by clouds (Figure 7d, which
shows the percentage of nighttime profiles per day with at least one pixel of cloud—driven
turbulence).



To investigate the seasonal changes in the diurnal cycle of the mixing in the ABL, the
data sets from both sites were divided into four seasons: winter (December-February), spring
(March-May), summer (June-August), and autumn (September-November). The seasonal
changes in the diurnal cycle of the probability for the turbulence to be connected with the
surface, or not, are shown for Jiilich in Figure 8 and for Hyytiila in Figure 9. In both figures,
the statistics were calculated over three different altitude ranges, selected so that the ABL
development at both sites could be compared despite the differences in their average daily
maximum ABL height. The amount of missing data increases with altitude at both sites, as
expected since SNR reduces with range, and signal is usually confined to the ABL. After
background correction, the same conservative SNR threshold of -20 dB (0.01) was chosen
for both sites, thus the large difference in the amount of missing data between the sites por-
trays how much the aerosol loading impacts data availability. Jiilich exhibits a clear seasonal
and diurnal dependence in data availability for the highest altitude range, with most missing
data during winter (> 70%), and least during summer afternoons (< 40%), directly respond-
ing to the large seasonal variation in ABL depth in the mid latitudes. At Hyytidld, a high
latitude site, the amount of missing data is consistently above 70% for the highest altitude
range in all seasons, and it is the medium altitude range that resembles more closely the up-
per altitude range at Jiilich. The ABL does reach 1500 m in summer over Hyytidld, but the
corresponding dilution of the already low aerosol loading through the deeper ABL often re-
sults in SNR that is too weak to generate reliable lidar quantities for classification. The ABL
height in winter at Hyytiil4 rarely reaches 500 m, hence the very low data availability above
500 m.

During spring (Figures 8b.f,j and 9b.f,j) and summer (Figures 8c,g.k and 9c,g,k), both
sites display a clear diurnal cycle in the probability of turbulence connected with the surface:
high during the day (Jiilich > 80% and Hyytidld > 30%) and low during nighttime (Jiilich <
20% and Hyytidld < 10%). A similar but weaker diurnal cycle is evident at both sites during
autumn (Figure 81 and 91): high during the day (Jiilich > 60% and Hyytiéld > 20%) and low
during nighttime (Jiilich < 20% and Hyytidld < 10%).

The probability for unconnected turbulence is highest during spring and summer, espe-
cially in the middle height range of 585-1035 m above ground level (agl) but also noticeable
at other height ranges at Jiilich (Figure 8f-g), and also displays a weak diurnal cycle. This
cycle is most obvious during summer, where the probability of unconnected turbulence in-
creases during the afternoon around 18:00 UTC at Jiilich. Hence, it is associated with the
decay of what was the surface—driven convective mixing layer after the residual layer decou-
ples from the surface. Diurnal cycle in the unconnected turbulence is weaker at Hyytidld and
only noticeable at the middle height range (9f-g).

Figures 8 and 9 also show that clouds influence mixing in the ABL at both sites. There
is a strong seasonal variation in cloud presence at each altitude range, with Hyytiald having
probabilities above 30% in winter and 10% in summer at the lowest altitude range, but the
diurnal variation is not so pronounced, especially in winter, spring and autumn. In summer,
there are fewer clouds during the day (Hyytiéld) or in late afternoon (Jiilich) but these figures
do not necessarily capture the full cloud cover, since there may be clouds associated with the
ABL above the altitude range maximum (1515 m agl) selected here.

In Figures 10 and 11 we investigate the seasonal and diurnal cycles in the source of
mixing that has been assigned. These figures clearly show the strong diurnal variation in
surface—connected convective mixing at both sites, but also show the variation in the con-
vective boundary layer with the season. At Jiilich, convective mixing at low altitudes clearly
dominates ABL mixing during spring, summer and autumn daytime, but the relative dom-
inance decreases with increasing altitude. Figure 10 shows that convective mixing rarely
reaches above 1 km in autumn and winter. A similar picture is seen in Hyytidld (Figure 11),
except that surface—driven convective mixing only dominates during spring and summer at
low altitudes, and rarely reaches 600 m during autumn and never in winter.
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At both sites there is a significant fraction of the time where turbulent mixing is present
in the lowest altitude range at night, close 20% in summer but exceeding 40% in winter. At
Hyytidld, most of the nighttime turbulence is associated with cloud, whereas at Jiilich, there
are larger contributions from other sources. Both sites show a clear seasonal variation in
nighttime mixing associated with wind shear at low altitudes, with more observed during au-
tumn and winter than during spring and summer. At Jilich, wind shear is diagnosed almost
10% of the time at night during winter, together with a much higher fraction of intermittent
turbulence, where a source of mixing was not assigned. It is thought that LLJs may be par-
tially responsible for the high occurrence of mixing close to the surface at night in Jiilich.

Similar seasonal and diurnal variabilities in the extent of the mixed-layer was found
over Jiilich by Schween et al. [2014], and over Trainou in France by Pal et al. [2015], includ-
ing the day-to-day variability. However, they limited their studies to identifying the mixed—
layer height.

5 Conclusions

In this study, we present a method for objectively classifying turbulent mixing within
the ABL using Doppler lidar. The method identifies the presence of turbulence and then as-
signs a turbulent source by combining several lidar quantities: attenuated backscatter coeffi-
cient, vertical velocity skewness, TKE dissipation rate, and vector wind shear. The range of
complexity exhibited by ABL mixing was simplified by concentrating on only a finite num-
ber of classes and situations that can be identified reliably from Doppler lidar measurements.
For instance, we have defined that convective mixing is surface—driven only, even though
there are situations where elevated convection can also occur [Geerts et al., 2017].

The method operates in all weather conditions, both clear—sky and cloud—topped, and
can provide an ABL classification at high temporal (3 minutes) and vertical resolution (30
m). The method was applied to extended data sets from Doppler lidar measurements at two
locations in different environments, Jiilich, Germany and Hyytild, Finland, and was shown
to be capable of classifying complex ABL structures. Some limitations were identified, such
as insufficient instrument sensitivity during periods with very low aerosol concentrations,
and difficulties in precipitation discrimination. Synergy with additional instruments would
improve this classification method, through providing robust precipitation discrimination,
or determining the atmospheric thermodynamic stability (e.g. utilizing a vertical tempera-
ture gradient from a meteorological tower, or the sensible heat flux from eddy covariance
measurements). However, this method was designed to operate on Doppler lidar measure-
ments alone since co—located supplementary measurements are not always available at every
Doppler lidar site.

Statistical analysis of the data sets measured at Hyytidld and Jiilich showed a very clear
seasonal variation in the diurnal cycle for both the probability of turbulence to be associated
with the surface, or not, and in the probability of the turbulent mixing source. For these sites,
spring, summer, and autumn seasons display a clear diurnal cycle, with surface—driven con-
vection a dominant source of mixing within the ABL during the day, as expected. In winter,
as a consequence of their respective latitudes, the diurnal cycle is much weaker at Jiilich,
and almost non—existent at Hyytidld. However, there are significant contributions from other
sources, with cloud—driven mixing being observed even within the first 500 m from the sur-
face. Also evident is the considerable amount of nocturnal mixing within the lowest 500 m
at both sites, especially during the winter. The presence of a LLJ was often detected when
sources of nocturnal mixing were diagnosed as wind—shear. LLJs are clearly an important
source of mixing, promoting mixing especially below the jet.

The classification scheme, and the climatology extracted from the classification, pro-
vide insight into the processes responsible for mixing within the ABL, how variable in space
and time these can be, and how they vary with location.
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Figure 1. Time-height plots of fractional error in € using a) Doppler lidar winds, and b) GDAS model
winds calculated from measurements on 9 March 2016 at Jiilich, Germany. c) Time-height plot and d) his-

togram of the difference in the two fractional errors (Doppler lidar - GDAS).

Table 1. Instrument parameters during standard operation for the Halo lidar at Hyytiéla (Jiilich)
Wavelength 1.5 um Range resolution 30 m
Detector heterodyne Pulse duration 0.2 (0.15) us
Pulse repetition frequency 15 kHz Lens diameter 8(7.5)cm
Nyquist velocity approx. 20 ms~!  Lens divergence 33 prad
Sampling frequency 50 MHz Minimum range 90 m
Velocity resolution 0.038 ms! Maximum range 9600 (8400) m
Telescope monostatic optic-  Points per range bin 10

fibre coupled
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Figure 3. Time-height plots of a) attenuated backscatter coefficient, 3, b) vertical velocity skewness, c)

TKE dissipation rate, €, and d) vector wind shear, calculated from Doppler lidar measurements on 9 March

2016 at Jiilich, Germany. Solar noon is about 11:45 UTC
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Figure 4. Time-height plots of ABL classification showing a) connection with the surface (i.e. surface—
driven versus cloud—driven), and b) the turbulent mixing source, together with time-height plots of ¢) wind
direction, and d) wind speed on 9 March 2016 at Jiilich, Germany. The black lines on the two lower panels

show LLJ altitude identified using the method presented by Tuononen et al. [2017].
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Figure 5. Time-height plots of a) attenuated backscatter coefficient, 3, b) vertical velocity skewness, c)
TKE dissipation rate, €, and d) vector wind shear, calculated from Doppler lidar measurements on 22 Septem-
ber 2016 at Hyytiéld, Finland. Vertical grey lines indicate periods when the Doppler lidar was scanning. Solar
noon is about 10:15 UTC.
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Figure 6. Time-height plots of ABL classification showing a) connection with the surface (i.e. surface—
driven versus cloud—driven), and b) the turbulent mixing source, together with time-height plots of ¢) wind
direction, and d) wind speed on 22 September 2016 at Hyytiilé, Finland. Vertical grey lines in a) and b)

indicate periods when the Doppler lidar was scanning.
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Figure 7. Time—of—day versus day—of—year plot of TKE dissipation rate € values from Jiilich, Germany,
averaged over altitude ranges: a) 105-195 m agl, b) 405-495 m agl, and c) 705-795 m agl. Black lines in a)-c)
show sunrise and sunset. Panel d) presents the frequency of occurrence of nocturnal cloud—driven turbulence.
A moving median filter of 5 days and 30 min has been applied to the data. Data period is between 1 May 2015
and 31 December 2016.
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Figure 8. Seasonal average diurnal cycle of the probability of turbulence over Jiilich, Germany, to be asso-
ciated with the surface, cloud, or neither, calculated for three different height ranges: a-d) 1065-1515 m agl,
e-h) 585-1035 m agl., and i-1) 105-555 m agl. Measurement period covers 1 May 2015 to 31 December 2016.
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Figure 9. Seasonal average diurnal cycle of the probability of turbulence over Hyytiéld, Finland, to be as-
sociated with the surface, cloud, or neither, calculated for three different height ranges: a-d) 1065-1515 m agl,
e-h) 585-1035 m agl, and i-1) 105-555 m agl. Measurement period covers 1 September 2015 to 15 November
2016.
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Figure 10. Seasonal average diurnal cycle of the probability for each identified source causing mixing
in the ABL over Jiilich, Germany, calculated for three different height ranges: a-d) 1065-1515 m agl, e-h)
585-1035 m agl, and i-1) 105-555 m agl. Measurement period covers 1 May 2015 to 31 December 2016.
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Figure 11. Seasonal average diurnal cycle of the probability for each identified source causing mixing
in the ABL over Hyytidld, Finland, calculated for three different height ranges: a-d) 1065-1515 m agl, e-h)
585-1035 m agl, and i-1) 105-555 m agl. Measurement period covers 1 September 2015 to 15 November
2016.
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