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Abstract The entrainment of air from the free atmosphere into the convective boundary
layer is reviewed and further investigated using observations from a 2 um Doppler lidar. It is
possible to observe different individual processes entraining air into the turbulent layer, which
develop with varying stability of the free atmosphere. These different processes are attended
by different entrainment-zone thicknesses and entrainment velocities. Four classes of entrain-
ment parametrizations, which describe relationships between the fundamental parameters of
the process, are examined. Existing relationships between entrainment-zone thickness and
entrainment velocity are basically confirmed using as scaling parameters boundary-layer
height and convective velocity. An increase in the correlation coefficient between stability
parameters based on the stratification of the free atmosphere and entrainment velocity (and
entrainment-zone thickness respectively) up to 200% was possible using more suitable length
and velocity scales.

Keywords Convective boundary layer - Doppler lidar - Entrainment

1 Introduction

Entrainment describes the process of mixing a non-turbulent fluid into a turbulent fluid to
such an extent that the former non-turbulent fluid becomes a part of the turbulent region
afterwards. It is a problem that has been addressed for more than 50years (Turner 1986)
in fluid mechanics and in meteorology, where entrainment is investigated in the context of
the atmospheric boundary layer and clouds. Here, a simple case of stratified fluids in the
atmosphere is examined—the cloudless convective boundary layer.

In particular under the influence of an anticyclone, the atmospheric boundary layer typ-
ically follows well-known daily cycles: slow growth in the morning, through to dissolution
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of the stable layer from the previous night, is followed by rapid growth and a nearly constant
height in the late afternoon. In general, the convective boundary-layer growth is driven by
a complex interaction of turbulent heat and moisture fluxes, synoptic-scale vertical motion,
the stability of the interface between the turbulent boundary layer and the free atmosphere
and of the free atmosphere itself and, of course, by entrainment processes mixing poten-
tially warmer and less moist air from the free atmosphere into the convective boundary layer.
Additionally, the boundary-layer evolution of the previous day, local wind systems, terrain
effects, advection as well as clouds influence the process.
Based on the growth of the turbulent layer, an entrainment velocity we is defined

dh

=g W ey

We

with boundary-layer height, /, and synoptic-scale vertical motion, wy.. The second funda-
mental parameter associated with the entrainment process is the thickness of the zone between
the turbulent and non-turbulent layers, the so-called entrainment zone, Ah.

There have been many atmospheric boundary-layer evolution studies in the last few
decades (e.g. Deardorffetal. 1980; Boers and Eloranta 1986; Angevine et al. 1994; Davis et al.
1997; Conzemius and Fedorovich 2006). Detailed studies, especially dealing with entrain-
ment-zone dynamics, require sophisticated measurements: high-resolution boundary-layer
height measurements, detailed measurements of the entrainment-zone thickness, as well as
measurements to characterize turbulence and stability throughout the boundary layer and
above. Up to now previously in-situ aircraft measurements were used, which enable estima-
tions of the entrainment flux and the jump of temperature and humidity across the inversion
layer (e.g. Flamant et al. 1997; Lenschow et al. 1999; Canut et al. 2010), but they do not
allow fine measurements of the boundary-layer growth or turbulence throughout the whole
boundary layer. These needs can be satisfied with lidar measurements, which, in turn, are
up to now not able to measure temperature fluxes. Provided that there is enough aerosol in
the atmosphere, Doppler lidar gives the possibility to visualize the processes associated with
entrainment using the aerosol backscatter signal on the one hand, and to characterize the
turbulence using high-resolution wind measurements throughout the whole boundary layer
on the other hand. This approach provides a new insight into entrainment.

Additionally there is a growing demand for new parametrizations to describe the con-
vective boundary-layer growth in high-resolution mesoscale and climate models. Based on
the new measurement technique and the need of parameters, this study discusses the “old”
problem of convective boundary-layer development and presents new results, which lead to
a better understanding of the entrainment process.

In the next section, a short review covering empirical results concerning entrainment in
the framework of the convective boundary layer is given. This includes individual processes
responsible for mixing a non-turbulent fluid into a turbulent fluid, scales in the boundary
layer as well as empirical results of different types of parametrizations from former studies.
This short review does not cover entrainment models, because many good reviews in this
context exists, e.g. Tennekes and Driedonks (1981), Van Zanten et al. (1999), and Conzemius
and Fedorovich (2006). Also the review does not address the stratocumulus-topped boundary
layer, although field studies and simulations in this area contribute much understanding to
convective boundary-layer entrainment. An overview of the stratocumulus-topped boundary
layeris givene.g. by Moeng (1998). In Sect. 3, the experimental set-up and the data processing
are described. Two concepts of boundary-layer height and two concepts of entrainment-zone
thickness will be introduced as well as two sets of scales. In Sect. 4, entrainment regimes
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in the convective boundary layer, identified by means of lidar measurements, are presented.
In addition, different parametrizations are re-examined, placing special attention on their
behaviour using different scales. Finally, conclusions are given in Sect. 5.

2 Entrainment: Short Review of Empirical Results
2.1 Entrainment Events

Up to now, details of small-scale processes associated with entrainment have been examined
previously in laboratory tank experiments and numerical simulations (e.g. Carruthers and
Hunt 1986; McGrath et al. 1997; Sullivan et al. 1998). First attempts to visualize processes
in the atmospheric boundary layer were done by aircraft measurements, e.g. Couvreux et al.
(2007) and Canut et al. (2010), both in the convective boundary layer, as well as Nicholls and
Turton (1986) and Lenschow et al. (2000b) in the stratocumulus-topped boundary layer. But
these field measurements were not able to resolve details of individual processes, comparable
to the laboratory experiments or simulations.
Four distinct mechanisms are assumed to entrain fluid into a turbulent layer:

(i) Non-turbulent fluid can be enclosed by the turbulent fluid and incorporated into the tur-
bulent flow by turbulent straining until mixing at molecular scales occurs. An entrain-
ment process described as entrainment between domes caused by overshooting parcels
(Boers and Eloranta 1986) is associated with this so-called large-scale engulfment.

(i1) Shear instabilities generated by different wind regimes in the turbulent and non-turbu-
lent regions (Kim et al. 2003) or by eddies travelling parallel to the inversion layer (Hunt
1998) induce breaking Kelvin-Helmholtz and Holmboe waves (Strang and Fernando
2001).

(iii) Impinging convective eddies (Linden 1973) and buoyancy plumes (Baines 1975) can
distort the interface between the turbulent and the non-turbulent layers. Entrainment by
thin filaments is expected to occur during the recoil process of the distortion or at the
edges of the deformation (Sullivan et al. 1998).

(iv) Turbulent eddies can excite wave motions in stratified layers (Dohan and Sutherland
2003). Resonant modes of these internal waves can grow, break intermittently, and cause
entrainment (Carruthers and Moeng 1987; Hannoun and List 1988).

Which one of the above mechanisms dominates the entrainment depends on conditions
in the fluids and at the interface between the turbulent fluid and non-turbulent one. A widely
used parameter to describe these conditions is a Richardson number,

, L
Ri(L, V) = Abs, 2)

where Ab = gAp/p =~ g AB/6 is the buoyancy difference across the interface, L is a
characteristic length scale and V is a characteristic velocity scale.

2.2 Scales Associated with Entrainment

To describe the entrainment process, different scales are used to create dimensionless groups,
e.g. Ah/L,w./V,and Ri. For the velocity scale, commonly the discrimination depends on
the turbulence generating process: a purely convective regime is described by the convective

_\13
velocity w, = (g hw'éy,/ HV) , with the turbulent virtual potential temperature flux at

@ Springer



372 K. Traumner et al.

the ground, w'6y,,

layer, Oy (Deardorff 1970). Turbulence generated by the near-surface wind shear is rep-
_ . —2  ——2\1/4
resented by the friction velocity uy o = (u/'w’ + v'w’ 3) , and boundary-layer top shear

and the mean virtual potential temperature in the convective boundary

stress is associated with the velocity difference across the entrainment zone, AV . Multiple
driving processes are considered using a combined scale of wy, us o and AV (Deardorff
1983; Pino et al. 2003; Kim et al. 2006; Conzemius and Fedorovich 2006). Tl}e3so-called
top-down velocity scale, introduced by Sorbjan (1990), W, = (g hw'ey, /%) / with the
turbulent virtual potential temperature flux at the interface between the convective boundary
layer and the free atmosphere, w’ 9(, 50 as well as the use of the standard deviation of the ver-
tical wind velocity, oy, (Tennekes 1973), or the horizontal wind velocity, o, (Hannoun and
List 1988; Fernando and Hunt 1996, 1997; Strang and Fernando 2001) in the turbulent layer
are further attempts to consider simultaneously different turbulence generating processes.
A more descriptive velocity scale should be mentioned for completeness: the mean vertical
velocity of the convective plumes.

For the length scale, essentially two parameters are common: 2 (Deardorff et al. 1980;
Boers and Eloranta 1986; Fedorovich et al. 2004) and the vertical or horizontal integral
length scale, /, (Lenschow and Stankov 1986; Hannoun and List 1988; Fernando and Hunt
1996; Strang and Fernando 2001). Other conceivable length scales are the wavelength of
the maximum of the product of the velocity spectra and the wavenumber (Caughey and
Palmer 1979), and the Obukhov length (Monin and Obukhov 1954), which characterizes the
dynamic sublayer. Again, as an intuitive length scale directly describing turbulence, geomet-
rical parameters of plumes are conceivable.

Here, two combinations of length and velocity scale, (L, V), are of special interest:
(h, wy), and (I, 0w, max), Where oy max is the maximum standard deviation of vertical velocity
in the turbulent boundary layer. The pair (h, wy) is from now on referred to as the conven-
tional combination, because it is widely used in convective boundary-layer research. The
pair (/, ow,max) is @ combination relevant to entrainment studies in fluid mechanics and will
be referred to hereafter as the turbulent combination, because it is expected to describe the
turbulence more directly compared to (7, wy). In the past (I, 0w, max) has not been used in
atmospheric research, because these two quantities are difficult to measure throughout the
whole atmospheric boundary layer.

The different scales can be used to define a variety of different Richardson numbers.
These different definitions have to be considered comparing results concerning the occur-
rence of the different entrainment mechanisms described in the previous section, because
the magnitude of Ri depends on the used scales (for quantitative values see e.g. Fernando
and Hunt 1997; McGrath et al. 1997; Sullivan et al. 1998). For small Richardson numbers,
most authors agree that the large-scale engulfment (mechanism i) dominates; for increasing
Ri the mechanisms are successively Kelvin-Helmholtz waves (ii) and impinging eddies (iii),
and finally breaking of internal waves (iv).

2.3 Previous Empirical Results

Four classes of parametrizations can be found in literature:

(1) “Constant-ratio-parametrizations” assume that the entrainment-zone thickness and the
entrainment velocity are directly proportional to a length scale, and to a velocity scale
respectively:
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Table 1 Parameters for “Simple-stability-parametrizations” based on Eq. 5

Author Kind of study a b c

Deardorft et al. (1980) Laboratory tank experiment (convective 1.31 1 0.21
turbulence) (normalized by h()

Boers and Eloranta (1986) Ground-based lidar in a convective boundary 1.57 1 0.23
layer

Davis et al. (1997) Aircraft-based lidar in a convective 1.5 0.5 0
boundary layer

Boers (1989) Based on data from Deardorff et al. (1980) 1.23 05 0
and Boers and Eloranta (1986)

Nelson et al. (1989) and Gryning Based on data from Deardorff et al. (1980) 0.25

and Batchvarova (1994)

Sullivan et al. (1998) Large-eddy simulation convective boundary 1
layer

Fedorovich et al. (2004) Large-eddy simulation convective boundary 0.5
layer

All of these studies use the boundary-layer height as the length scale and convective velocity as the velocity
scale

Ah
4 = const., 3)
e t @
— = const.

|4

These parametrizations were based e.g. on simple geometrical considerations using the
first-order jump model of Haegeli et al. (2000) and a strict ratio between w’6’;, and
w’0’y (typical closure assumption, e.g. Tennekes 1973; Yi et al. 2001; although obser-
vations and simulations do not support this unrestrictedly, e.g. Angevine 2008). Also
the entrainment hypothesis, that the mean inflow velocity across the edge of a turbulent
flow is assumed to be proportional to a characteristic velocity (Turner 1986), supports
this class of parametrizations.

(i1) “Simple-stability-parametrizations” are parametrizations using Ri as a measure of sta-
bility at the interface between the convective boundary layer and the free atmosphere:

T =aRi_b+c, (5)
We B

— =aRi™ P, 6
= oRi (6)

witha, b, ¢, a, B > 0. These parametrizations were based on e.g. zero-order jump mod-
els (Stull 1973; Tennekes 1973), or process based models using parcel theory (Boers
1989), impinging vortex rings (Linden 1973) and the generation of internal waves
(Fernando and Hunt 1997). Whereas w./ V vanishes for large Ri, Ah/L often is set to
a constant limit c¢. This is an empirical result, which says that at high stability negligible
entrainment occurs (entrainment velocity is zero), but a small well-defined transition
zone (entrainment zone) forms. Tables 1 and 2 summarize numerical values from pre-
vious studies.

Several authors, e.g. Deardorff (1983), Fernando (1991), Strang and Fernando (2001),
and Sun and Wang (2008), argue that different entrainment regimes, linked to different
entrainment processes (Sect. 2.1), need different parametrizations (Table 2).
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Table 2 Parameters for “Simple-stability-parametrizations” based on Eq. 6

Author Kind of study o B \%4 L

Deardorff et al. (1980) Laboratory tank experiment 0.25 1 Wi h
(convective turbulence)

Deardorff et al. (1980) Laboratory tank experiment 1.1 1.5 Wi h
(convective turbulence)

Turner (1986) Laboratory tank experiment 1.5 oy I
(oscillating grid)

Linden (1973) Laboratory tank experiment 0.6 1.5 Uy ay
(impinging vortex rings)

Baines (1975) Laboratory tank experiment 1.5 up ap
(impinging plumes)

Hannoun and List (1988) Laboratory tank experiment 1.5 ou lu,w
(oscillating grid)

Fernando (1991) Summary laboratory tank 1-1.75 Wi h
experiment (no shear)

Fernando (1991) Summary laboratory tank 0.9-2 U h
experiment (with shear)

Sullivan et al. (1998) Large-eddy simulation 0.2 1 Wi h
convective boundary layer

Strang and Fernando (2001) Laboratory tank experiment 0/2.6/1.3 AV, oy h

Fedorovich et al. (2004) Large-eddy simulation 1-1.5 Wi h

convective boundary layer

The studies differ regarding the used scales (L, V). ay (ap) is the diameter of the examined vortex ring
(convective plume) and uy (up) is its velocity

(iii) “Direct-relationship-parametrizations” combine Egs. 5 and 6:

)

where Table 3 outlines empirical results using this relationship. The studies show linear
relationships as well as values of m < 1. Based on the empirical results from Tables 1
and 2, m € [0.17; 1]. Using ground-based aerosol lidar, Nelson et al. (1989) showed a
highly time-dependent behaviour of m, as a function of the state of convective bound-
ary-layer evolution.

(iv) “Extensive-stability-parametrizations” employ a relationship between the entrainment-
zone thickness and a Richardson number using V = we:

) A L
Riye =g 5 wig

®)
They were proposed by Gryning and Batchvarova (1994) using parcel theory and the

top-down velocity scale (and L = h):

Ah _
o =33 Rige” +0.2. )

The concept combines all entrainment-related parameters (Ah, we, Af) in one relation.
These parametrizations are supported by sodar measurements (Beyrich and Gryning
1998).
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Table 3 “Direct-relationship-parametrizations” between the normalized entrainment-zone thickness and the
normalized entrainment velocity based on Eq. 7

Author Kind of study Relationship
Deardorff et al. (1980) Laboratory tank experiment ATh =0.21+ 5.24:%:
(convective turbulence)
Boers and Eloranta (1986) Results from Deardorff et al. ATh =0.19+ 5.35%* (% - wL)
(1980)
Boers and Eloranta (1986) Ground-based lidar in a ATh =0.0945.5 ﬁ (%)
convective boundary layer
Boers and Eloranta (1986) Ground-based lidar in a ATh = 0.005 + 5.75%* (% - wL)
convective boundary layer
2/3
Deardorff et al. (1980) Laboratory tank experiment ATh =1.23 (ﬁ—:) +0.21
(convective turbulence)
0.5
Melfi et al. (1985) Results from Deardorff et al. ATh ~3 (:f,i )
(1980)
. . . Ah w 0.24
Beyrich and Gryning (1998) Ground-based sodar in a I (w—i)
convective boundary layer
0.3
Deardorff (1983) Results from Deardorff et al. ATh o« (ﬁ—i)
(1980)

3 Data
3.1 Instrument Set-Up and Data Collection

A 2-pm heterodyne Doppler lidar “WindTracer” from Lockheed Martin Coherent Technol-
ogies was used to provide aerosol backscatter and radial wind velocity data. The system has
a pulse length of 370 ns (56 m), a pulse repetition frequency of 500 Hz, and an average power
of 1W (4.5kW peak power). The data were sampled in two different modes: a scanning
mode, accumulating 50 pulses (effective sampling rate of 10 Hz), and a vertical stare mode,
accumulating 500 pulses (effective sampling rate of 1 Hz). During both modes a range gate
length of 72 m was applied. The two modes differ relating to the position of the range gate
centres along the beam. Using the range-corrected signal-to-noise ratio (SNR), it is pos-
sible to obtain an aerosol backscatter coefficient. For the “WindTracer” system, a constant
extinction coefficient is used, and no calibration is performed. The aerosol backscatter values
thus have to be interpreted only as a qualitative measure of aerosol backscatter with higher
numbers indicating higher concentrations and/or surface areas.

Based on the Doppler frequency shift due to the movement of the scatterers relative to
the lidar beam, the radial wind velocity can be measured. Comparing the radial wind mea-
surements with sonic anemometer data, Calhoun et al. (2005) have shown that the lidar wind
measurements are bias free. Using the covariance technique (Frehlich 2001), the uncorre-
lated noise in the radial wind velocity was estimated to be less than 0.15ms ™! for SNR better
than —8dB (6 MHz bandwidth, accumulating 500 pulses). Using data collected during the
scanning mode, a velocity azimuth display (VAD) technique (Browning and Wexler 1968)
was applied to calculate a profile of mean horizontal wind speed and direction. Data sampled
during the vertical stare mode provide high-resolution measurements of the vertical wind
speed.
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Table 4 Overview of measurement days

Date Local cloud conditions VAD wi, (mm sfl)

22 June 2005 Full-day cloud-free conditions, around None —1.7+£7.2
1400 UTC structures in the backscatter
signal which indicate thin clouds

27 June 2005 Full-day cloud-free conditions None 1.1£9.8
10 July 2005 Full-day cloud-free conditions None 12.3+10.0
11 July 2005 Small cumulus humilis None 1.9+£6.2
14 July 2007 Full-day cloud-free conditions 30 min —8.7£123
15 July 2007 Full-day cloud-free conditions 30 min —-83+£17.7
01 August 2007 Full-day cloud-free conditions 30 min —10.0£15.5
05 August 2007 Full-day cloud-free conditions 30 min —19.4+24.1
31 July 2008 Cloud-free until 1300 UTC, afterwards 60 min 10.14+15.7
small cumulus humilis
06 August 2008 Full-day cloud-free conditions 60 min 0.1 £12.0
17 August 2008 Cloud-free until 1600 UTC, afterwards 60 min 3.6 £10.5
stratocumulus clouds
27 August 2008 Full-day cloud-free conditions 60 min —2.5+£10.2

VAD column displays the time interval at which a vertical profile of the horizontal wind is estimated from
lidar data. (The temporal availability of vertical profiles of the horizontal wind from the lidar data depends on
the scan strategy.) The large scale subsidence, wy , was estimated from Global Forecast System model output
at 700hPa at 1200 UTC

To obtain a suitable dataset, measurements from three field campaigns are used: the Con-
vective Storm Initiation Project (CSIP, Browning et al. 2007) conducted in 2005 in southern
England; the Convective and Orographically-induced Precipitation Study (COPS, Wulfmeyer
et al. 2008; Kottmeier et al. 2008) undertaken in 2007 in South Germany and France, and
the Convective Boundary Layers with Doppler Lidar (CoBoLd) study performed in 2008
at the Karlsruhe Institute of Technology (KIT), Germany. The field campaigns differ relat-
ing to the terrain: the lidar was located in inhomogeneous terrain with flat vegetation dur-
ing CSIP, in complex terrain at the highest peak of the Hornisgrinde mountain (1,165 m
above sea level) during COPS, and in flat terrain with inhomogeneous vegetation during
CoBoLd.

During CSIP and COPS, an energy balance station was placed near the lidar. The hor-
izontal wind speed and direction, the potential temperature, the turbulent heat flux, and
momentum fluxes were measured around 3 m above ground level and evaluated according
to Kalthoff et al. (2006). During CoBoLd, equivalent measurements with the KIT 200-m
tower (Barthlott et al. 2003) were conducted 40 m above the ground, which was the lowest
measurement height above the treetops.

From each campaign, four cloudfree summer days were selected to ensure mostly con-
vectively driven turbulence; Table 4 provides an overview of the measurements. Local cloud
conditions were observed using a cloud camera placed on the top of the lidar container.
The large-scale subsidence, wy,, was estimated using Global Forecast System model data
(see Sect. 3.2 for details). On the first seven measurement days in Table 4 radiosondes were
launched at the lidar site, for the other days operational radiosondes from the nearest station
to the lidar were used (CSIP—Herstmonceux, COPS—Stuttgart, CoBoL.d—Stuttgart).
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3.2 Data Processing

Boundary-layer height: determining boundary-layer height is a well-known meteorological
problem. Although it is of fundamental importance, estimates differ depending on the mete-
orological parameter, the measurement instrument, and even on the algorithm used (Seibert
et al. 2000). In this study, two lidar-based parameters were used: on the one hand, the aerosol
backscatter I, which results in an estimate of an aerosol-layer height, /1,¢ro, On the other hand
the vertical velocity variance, o‘%, which was taken to estimate a turbulence height, /. Four
automated methods, adopted from the literature, were used to determine /,er0: (i) using a
threshold value (Melfi et al. 1985; Batchvarova et al. 1999); (ii) determining the minima of
the height gradient d/,/9z (Flamant et al. 1997; Lammert and Bosenberg 2006); (iii) fitting
an idealized aerosol backscatter profile to the measured profile (Steyn et al. 1999; Haegeli
et al. 2000), and (iv) using a wavelet analysis (Cohn and Angevine 2000; Davis et al. 2000;
Brooks 2003). The different methods were evaluated against each other and show mostly
consistent results. Method (iii) was found to display the boundary-layer height evolution
with the most details and, therefore, h4er, derived using this method was chosen if at least
one of the other three methods determined 4 to 22100 m of this value. The value of /e 1S
determined with a time resolution of 0.1 Hz.

The second parameter used to estimate / is the vertical wind velocity variance, which can
be interpreted as a measure of turbulent kinetic energy and, therefore, as a direct measure of
turbulence. Three methods were used to determine /s, all based on the widely accepted
idealized profile of Lenschow et al. (1980):

g”%—ls(z)%(l oxz)2 (10)
w2 T \h “h)
These are (i) the relationship between the height level of o\%,max and /1 (Asimakopoulos et al.

2004); (ii) a threshold value (0,7 . cqoia =0-16m? s ) (Tucker et al. 2009), and (i) a fit of

an idealized profile of o to the measured profile. The vertical velocity variance was esti-
mated based on data obtained during time intervals of 60 min. The variances were corrected
for uncorrelated noise using the difference between lag one and lag zero of the autocorre-
lation function (Lenschow et al. 2000a). Method (i) was found to differ in many situations
from methods (ii) and (iii). One reason might be that the maximum of Eq. 10 is in the lowest
one-third of the convective boundary layer and the minimum measurement height of the lidar
is about 350 m above the ground. This might also cause fitting problems for small values of
the boundary-layer height using method (iii). Thus, the results from method (ii) were chosen
to represent hyh, Which is also closest to the definition of the boundary layer.

Figure 1 shows a comparison between /,¢ro and hyy. Although the correlation coefficient
R = 0.82 seems large, it is obvious that the two parameters yield contrasting concepts of
boundary-layer height: whereas the turbulence height displays the current extent of the tur-
bulent zone, the aerosol-layer height is a record of the history of turbulence. This becomes
apparent especially during the afternoon transition to a residual layer. To ensure that there
exists at least weak turbulence, only aerosol-layer heights with O"%, (hgero) > 0.04m?s~2 were
used for further investigation.

Entrainment velocity: the daily evolutions of aero and h,, were smoothed with cubic
splines, and the growth rate dh/dt was estimated by linear regression. According to Eq. 1,
the large-scale subsidence, wr,, is needed to estimate the entrainment velocity. To determine
wy, empirically a network of meteorological stations can be used, e.g. Boers et al. (1984)
and Nelson et al. (1989), though such networks were not installed during the measurement
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Fig. 1 Left Turbulence height (based on 60-min time intervals) as a function of 60-min-averaged values of
the aerosol-layer height. The different symbols indicate the three measurement campaigns: dots CSIP, plus
COPS, and stars CoBoLd. haero error bars represent standard deviations during the considered time intervals,
hrh error bars show the variation using time intervals for estimating /i, shifted by 1 min. Right Aerosol
backscatter and aerosol-layer height (black line) as well as turbulence height (blue line) on 27 June 2005. The
colours represent the aerosol backscatter values. White stars indicating boundary-layer heights estimated from
radiosonde profiles using the method of Driedonks (1982)

campaigns. Beyrich and Gryning (1998) and Yi et al. (2001) used height changes of signif-
icant structures in the aerosol backscatter data, but such structures were also not obvious in
the lidar data of the considered days. To have at least an expectation, Global Forecast System
model data were used for a rough estimation of vertical velocity at 700 hPa (Table 4). An
averaged value of the model point at the measurement location and its nearest neighbours at
1200 UTC was calculated. The estimated wy s show standard deviations of more than 100%
of the mean value. Because of the rough wy, estimation from the Global Forecast System
model, in the following a constant wy, = 0 was assumed for all days, a value that is in the
error range of the Global Forecast System wr model output. If the real large-scale subsi-
dence is w;, = —10mms~! (and not wi. = 0 as assumed in this study) and the boundary-layer
growth rate is assumed to be di/df = 15mm s~ (50mms™1), a relative error in we of 0.4
(0.17) occurs. So especially for small boundary-layer height growth rates, the assumption of
a constant wy, = 0 is a limitation in this study.

Entrainment-zone thickness: similar to the lack of a robust boundary-layer height def-
inition, the entrainment-zone thickness is estimated in various ways in the literature. It is
possible to distinguish between statistically-based definitions on the one hand, using per-
centiles or the standard deviation of 4 (), or h(x) respectively, (e.g. Melfi et al. 1985; Davis
et al. 1997; Cohn and Angevine 2000), and a transition-zone definition on the other hand,
using the transition of temperature, moisture or aerosol from a boundary-layer value to a free
atmosphere value (e.g. Haegeli et al. 2000). In this study, both concepts were considered.

Because of the high time resolution, /e, offers the possibility of estimating the statisti-
cal entrainment-zone thickness. Here, the difference between the 4th (k) and the 98th (%,)
percentile of the trend-corrected aerosol-layer height in a 60-min time interval is used. For
other statistical measures (difference between the 15th and the 85th percentile or the standard
deviation of h,ero) correlation coefficients R > 0.96 were found. A transition zone, Ahryz,
between a high aerosol content in the boundary layer to a low value in the free atmosphere
is a fit parameter in method (iii) for determining the aerosol-layer height (see paragraph 1,
this section).

@ Springer



Convective Boundary-Layer Entrainment 379

A correlation coefficient between hy — hg and Ahrz of 0.25 indicates that the concepts
differ significantly. One reason might be that the statistically-based concept, linked to a set
of boundary-layer height estimations, captures temporal, spatial and small-scale turbulence
variations, whereas the transition-zone concept, linked to single profiles, displays only the
small-scale turbulence.

Integral length scale: this length scale is that below which the vertical wind velocity is sig-
nificantly correlated with itself (Lenschow and Stankov 1986), and can be interpreted as the
size of the dominant eddies (Lothon et al. 2009). In the turbulent boundary layer, the autocor-
relation function of the vertical wind velocity shows approximate exponential decay (Lothon
et al. 2006), which was used to determine an integral time scale using a least-squares fit. The
exponential fit was made on the zero-lag corrected autocorrelation function (Lenschow et al.
2000a), based on 60-min time intervals. Using Taylor’s hypothesis of frozen turbulence, the
integral time scale is then converted into an integral length scale. It was found that [ varies
little over the boundary layer, so that averaging is reasonable.

Velocity scales: convective velocity is estimated using the surface-flux measurements and
the smoothed values of h4ero and Ayrbh. 0w, max i the convective boundary layer is calculated
using the noise-corrected profile of vertical velocity variance for time intervals of 60 min.

Richardson number: because the temperature jump across the entrainment zone could not
be reliably determined with the available instrument set-up, a modified Richardson number,
Ri, suggested by Deardorff (1979) is used:

Ri(L.V) =g~ L? (11)
1 . =g=—7=,
8572

where y is the temperature gradient in the free atmosphere and 6 is the mean boundary-layer

potential temperature. Both y and 6 were estimated from radiosonde profiles visually. Ri
gives greater weighting to the length scale compared to Ri. Figures 4 and 5 show the rela-
tionships between entrainment parameters and Ri based on data obtained by Deardorff et al.
(1980) and Boers and Eloranta (1986). It is obvious that the modified Richardson number
has the same potential to be used in parametrizations as does Ri.

4 Results
4.1 Entrainment Regimes

The lidar observations show the following structures at the interface between the convective
boundary layer and the free atmosphere:

(i) Inseveral situations, bulging of the aerosol-laden layer with strong underlying updrafts
was observed. Here, the deformation of the convective boundary layer and the wind
structure are assumed to be related. Entrainment is expected during the recoil processes
(Linden 1973) or at the edges of the deformation region (Sullivan et al. 1998). The latter
could be observed as downward movements as shown in Fig. 2, left.

(i) The interface shows wavelike structures of different wavelengths (from several tens of
metres up to kilometres) and amplitudes, which were probably caused by shear instabil-
ities. It was possible to observe structures, which even show a tendency to breakdown
as shown in Fig. 2, middle.
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Fig. 2 Entrainment events between the convective boundary layer and the free atmosphere for varying sta-
bility in the free atmosphere. The upper pictures show the uncalibrated aerosol backscatter, warm colours
representing high aerosol load; the lower pictures show the vertical wind velocity. The top of the aerosol layer
is clearly visible by the changing colours from red to blue in the upper pictures. From left to right: deforma-
tion of the interface due to impinging plumes, wavelike structures (potentially from shear instabilities), and
large-scale engulfment

(iii) Several situations show an engulfment of aerosol-depleted air by aerosol-laden air. It is
possible to visualize the enclosing process with the typical wind field (Fig. 2, right) as
well as enclosed areas of air with a low aerosol content in the aerosol-laden layer.

(iv) A few situations show a rip-off of the interface. Regions of the aerosol-laden air can be
found in the free atmosphere.

However, entrainment due to the generation and breaking of internal waves, which was
introduced in Sect. 2.1, was not observed. Note that the frames in Fig. 2 show single situ-
ations, which cover short time periods. Vertical velocities, i.e. updrafts and downdrafts, in
the boundary layer, as well as vertical motions in the free atmosphere, are not representative
for longer time periods. In the left and right frames the vertical velocity in the aerosol-laden
layer can be directly related to the shown process. In the middle frame, the vertical velocity
seems to be not linked, although the strong gradient in vertical velocity might give a hint to
the existence of shear.

Using the above identified processes, the entrainment zones of nine measurement days
(Table 5), during the period from 1030 to 1330 UTC, were related subjectively to one of
three entrainment-zone classes: class 1 is characterized by a well-defined passage from the
aerosol-laden layer to the aerosol-depleted layer with high gradients —d1,,/dz. Weak wave
motions with wavelengths of several hundred to 1,000 m and low amplitude were observed.
These interfaces respond well to impinging turbulence elements. Showing no engulfment or
rip-off, entrainment is dominated by process (i). Class 2 has an interface with high variabil-
ity and considerable wave-like motions, but no deep engulfment or rip-off. Bulging of the
interface could often not be related to the vertical wind beneath. Mechanism (ii) is the dom-
inant entrainment process. A strongly disturbed interface, showing large-scale engulfment
and rip-off, is classified as class 3. Here it is sometimes not possible to discriminate between
the mixed layer and the entrainment zone.
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Table 5 Entrainment-zone classes and averaged boundary-layer parameters

Date Class y (Km_l) W{) (Km s_l) Ri (h, wy) Ri (!, ow,max)
22 June 2005 2 35%x1073 0.11£0.02 474+17 1.9+0.8
27 June 2005 1 8x 1073 0.18£0.05 46+ 14 28+1.0
10 July 2005 3 <1x1073 0.16+0.03 9+ 10 1.1£1.2
01 August 2007 2 7%x1073 0.20+0.03 36+9 55+44
05 August 2007 2 6x 1073 0.20 £ 0.02 26+38 12.7+£8.0
31 July 2008 3 1x1073 0.39+£0.12 T£7 0.5£05
06 August 2008 2 5%1073 0.21 £+ 0.09 67+31 34+£22
17 August 2008 12 1x10732 0.22+£0.04 91+£22 25+1.2
27 August 2008 1 7x1073 0.22+0.05 72£20 4.7+£23

For 14 July 2007 and 15 July 2007 the top of the aerosol layer was less clearly defined due to advection
processes and mesoscale effects (Kalthoff et al. 2009), for 11 July 2005 the top was affected by clouds. All
these effects complicate the identification of individual processes

4 Second stable layer 750 m above with y =8 x 1073 Km™!

Setting the assigned entrainment-zone class in conjunction with averaged turbulence and
stability parameters (temperature gradient in the free atmosphere, turbulent temperature flux
at the ground and modified Richardson number, Table 5), a relation between the class and y
was found. At high stability (y =0.007-0.008 Km™!), entrainment zones of class 1 can be
observed, followed by class 2 entrainment zones at y =0.003-0.007 Km~!. Class 3 entrain-
ment zones finally have a vertical temperature gradient y < 0.001 Km™'. w6’ varies too
little to show a correlation with the identified entrainment-zone classes. Whereas in previous
studies (Sect. 2) the occurrence of different entrainment processes was linked to different
Richardson numbers, this could not be confirmed here, with the exception that class 3 inter-
faces are characterized by outstanding small values of Ri.

The mean entrainment velocity and the mean entrainment-zone thickness from 1030 UTC
to 1330 UTC as a function of y are presented in Fig. 3. Both conceptual approaches for bound-
ary-layer height (aerosol layer and turbulence heights) as well as both approaches for entrain-
ment-zone thickness (statistical and transition-zone concepts) are shown. Especially for the
entrainment velocities based on the aerosol-layer height and the statistical entrainment-zone
thickness a high anticorrelation with y (R = —0.93, and —0.77 respectively) occurs. The
other measures, hyt, and Ah7yz, at least show an equivalent tendency of decreasing w, and
Ah with increasing stability. Table 5 indicates that y is linked to different entrainment pro-
cesses, which now, in turn, seem to lead to different entrainment-zone thicknesses and have a
different entrainment efficiency, i.e. are able to entrain different amounts of free atmosphere
air, which leads to different entrainment velocities.

In summary, it is possible to distinguish between different entrainment regimes. Due to
different dominating entrainment processes, these regimes show different entrainment-zone
thicknesses as well as entrainment velocities. The regimes appear to depend on the stability
of the free atmosphere. Concerning the robustness of this outcome, it has to be considered
that only nine datasets are available and therefore more testing is needed.

4.2 Entrainment-Zone Thickness and Entrainment Velocity Parametrizations

All parametrizations introduced in Sect. 2.3, ie. “Constant-ratio-parametrizations”,
“Simple-stability-parametrizations”, “Direct-relationship-parametrizations” as well as
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Fig. 3 Entrainment velocity (above) and entrainment-zone thickness (below) as a function of the potential

temperature gradient in the free atmosphere. wi° represents the entrainment velocity based on aerosol-layer

heights, wé‘"b the entrainment velocity based on turbulence heights. 17 — h() is based on the statistical entrain-
ment-zone thickness concept, AT 7 is based on the transition-zone concept. The bold symbols mark the three
campaigns, i.e. dots CSIP, diamonds COPS, and stars CoBoLd. Error bars are the standard deviation of we,
and Ah respectively, during 1030 and 1330 UTC, for y a constant error of 0.001 Km~! was used. The small

crosses represent data obtained by Boers and Eloranta (1986)

“Extensive-stability-parametrizations”, were reviewed using the two-scale combinations
(h, wy) and (I, ow max). Here, it is of interest whether the quality of the relationship changes
when the scale combination is changed. Table 6 shows an overview of all concepts and results.
To ensure consistency /1,ero Was used as the length scale in association with w3®™ as well as
hurb in association with wé”rb. The columns four and five show the correlation coefficients
between parameters one and two using conventional scales (column 4), and turbulent scales
(column 5) respectively. Further explanation is given in the following paragraphs.

(i) “Constant-ratio-parametrizations” were tested using all 12 cases (Table 4), from 0800
to 1800 UTC. It is remarkable that here, the turbulence height concept yields higher corre-
lation coefficients than the aerosol-layer height concept (Table 6). This might be explained
by considering aerosol-layer heights from the later afternoon, when turbulence-layer heights
are not longer determinable because of too weak turbulence. During this time period the
entrainment zone no longer exists according to its originally meaning. The small-scale
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Table 6 Correlation coefficients for different types of entrainment parametrizations

Parameter | ~ Parameter 2 Conventional scales Turbulent scales
Jaero hturb Wi 1 ow
“Constant-ratio- hy — ho L 0.44, 0.3
parametrizations” 0.57
Ahrz L <0.1 <0.1
wiero by 0.37, 0.26,
0.06 —0.20
“Simple-stability- hy — ho Ri 00 0.46 0.85
parametrizations” Ahtyz 151'_0'5 2 —0.36 0.12
waero_ytub ;=0 0.31,0.16 0.56,0.21
“Direct-relationship- hy — hg wiero 0.60 0.45
parametrizations” hy — hg wé”rb 0.17 0.11
Ahrz wiere 0.37 0.46
AhTz wlurb 0.43 0.51
“Extensive-stability- hy — hy Riy.”** 0.41 0.81
parametrizations” Ahry Riy.”* ~021 036

See the text for more details
4 For the aerosol-layer height concept, the turbulence height concept yields similar results

transition-zone concept does not correlate with the large-scale boundary-layer, height for
both boundary-layer height concepts (R < 0.1).

For both length scales, L = h as well as L = [, and both entrainment-zone thickness
measures, the ratio Ah /L shows a frequency distribution that is log-normal. Expected values
are in the order of 0.2 to 0.3 for L = h and 1.5 to 2.0 for L = [, which is in agreement
with values found in previous studies (e.g. Crapper and Linden 1974; Deardorff 1983). Dur-
ing the COPS campaign at the measurement site on top of a mountain, the ratio Ah/h was
considerably larger than during the two other campaigns—an effect that is directly related
to smaller boundary-layer heights over the mountain peak, and not due to a change in the
Ah distribution. This effect is not recognisable in the ratio Ak /. A systematically changing
behaviour of Ah/L dependent on the time of day was not found.

For both boundary-layer height concepts, w. showed correlation coefficients |R| < 0.37
for both velocity scales wy and oy, max.

(i1) “Simple-stability-parametrizations” were examined using the three cloud-free days in
2005, 1 and 5 August 2007 and the four days in 2008, always for the period 1030 UTC to
1330 UTC. Figures 4 and 5 show the results for both boundary-layer height concepts and,
therefore, entrainment velocity, and the statistical entrainment-zone thickness concept. A
systematically different behaviour of the two boundary-layer height concepts is not obvious,
mainly because only data in the high turbulence period are used.

For entrainment velocity (Fig. 4), a small exponent g in Eq. 6 between 0.25 and 0.5 is
evident, which is in contradiction to the values found in previous studies (Table 2). Extending
the data by using the results obtained by Deardorff et al. (1980) and Boers and Eloranta (1986)

. . . . ~.—0.5 .
increases the exponent. A linear relationship between we/V and Ri showed an increase
in the correlation coefficient from 0.31 to 0.56 when the turbulent scales are used instead of
the conventional scales. A least-squares fit using § = 0.5 yields numerical values of
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Fig.4 Relationships between the normalized entrainment velocity and the modified Richardson number: con-
ventional scales (1, wyx) on the left, and new turbulent scales (I, ow,max) on the right panel. Black dots denote
the aerosol-layer height estimate, grey dots the turbulence height estimate. Pluses represent data obtained by
Deardorff et al. (1980), crosses data obtained by Boers and Eloranta (1986). For a better guidance, best fits
for exponent B = 1 (black solid line), f = 0.5 (black dashed line) and B = 0.25 (black dot-dashed line) are
also included
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Fig. 5 Relationships between the normalized entrainment-zone thickness and the modified Richardson num-
ber: conventional convective boundary-layer scales (&, wy) were used in the left frame, and new turbulent
scales (/, ow,max) in the right frame. Symbols correspond to those used in Fig. 4

We 0.

= (2374164) 1073 Ri " + (13.6 + 15.6) 1073, (12)

Ow,max
Figure 5 shows the effect of changing scales in the relationship between the normalized
entrainment-zone thickness and Ri using the statistical entrainment-zone thickness concept.
Considerably less scatter and a clearer functional relation are obvious when the turbulent
scales are used instead of the conventional ones. Exponent b in Eq. 5 could be estimated
between 0.25 and 0.5, which is considerably less than 1 and in agreement with the studies
of Boers (1989); Gryning and Batchvarova (1994) and Fedorovich et al. (2004) (Table 1).
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Fig. 6 Relationship between the
entrainment-zone thickness
(statistical concept) and the
entrainment velocity based on the
aerosol-layer height. The bold
symbols mark the three
campaigns, i.e. dots CSIP,
diamonds COPS, and stars
CoBolLd. The small crosses are
data taken from Boers and
Eloranta (1986), the solid line is
the least-squares fit with finite
threshold of the entrainment-zone
thickness if we — Oand m = 1,
the dashed line is the
least-squares fit with zero
threshold of the entrainment-zone 0
thickness if we — 0 and m = 0.5 107° 10

w, (m S_1)

Using b = 0.5, an increase in the correlation coefficient from 0.46 to 0.85 results when the
scales are changed from (%, wy) to (I, 0w, max). Least-squares fits yield numerical values of
hy — ho

h

0

=(0.29+0.26)Ri ° + (0.21 £ 0.05), (13)

and

hy — ho 0

l

Both parametrizations show a threshold value for high stability, and the widely used numerical
value of limg,  __(h2 — ho)/h = 0.2 (going back to Deardorff et al. 1980) is confirmed.

The transition-zone concept shows small correlation coefficients, which were determined
by outliers related to days with the type entrainment-zone class 3 (Sect. 4.1).

To investigate class (iii) “Direct-relationship-parametrizations”, the whole dataset
(Table 4) from 0800 to 1800 UTC was used. The correlation coefficients in Table 6 were
calculated using only the two campaigns CSIP and CoBoLd. First, the dependency between
the entrainment-zone thickness and the entrainment velocity was investigated using unity
scales L = Imand V = I ms~!, i.e. no scaling. Figure 6 shows the results for the acrosol-
layer height concept and the statistical entrainment-zone thickness. A connection between
broader Ak and higher wy is clearly evident, while the COPS dataset shows no deviant behav-
iour. The best value of the exponent m in Eq. 7 depends on specifications of the threshold
limy,,»0(h2 — ho) = c. If ¢ = 0, a least-squares fit using m = 0.5 shows a higher quality
compared to m = 1, otherwise, when a finite threshold is assumed, the fit using m = 1
adjusts better to the data.

Using conventional scales for normalization an analogous effect was found. Figure 7, left,
shows the result for the statistical entrainment-zone thickness concept and the aerosol-layer
height. Here, the COPS campaign shows anomalous behaviour with higher Ak /h because of
smaller boundary-layer heights over the mountain top. The results from CSIP and CoBoLd
campaigns fit nicely into the results from previous studies. Using limy,, /w, —0(h2 —ho)/h =
0, a least-squares fit gives an exponent m = 0.29 4 0.14. In this case, the quality of the fit is
higher if m = 0.5 is used instead of m = 1. Otherwise, using a finite threshold ¢ > 0, m =1
yields a better fit than m = 0.5. The numerical values

— (1.60+ 0.50)Ri " + (0.58 + 0.43). (14)
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Fig. 7 Relationship between the normalized entrainment-zone thickness and the entrainment velocity using
the conventional scales and the aerosol-layer height concept (left), and between the normalized entrainment-
zone thickness and the entrainment velocity using the turbulent scales and the turbulence height concept (right).
Symbols correspond to those used in Fig. 6, results obtained by Deardorff et al. (1980) (plus) are included in
addition
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hy — h 03
2700 (18402 (E) (16)
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agree with values found in previous studies (Table 3). The different applications of a threshold
value for limy,, ;v o Ah/L in previous studies may therefore be one reason for the different
exponents found.

Going from conventional scales to turbulent scales, no continuous improvement in this
relationship was observed (Fig. 7; Table 6). The highest correlation coefficient was found
for the combination of aerosol-layer height and statistical entrainment-zone thickness using
conventional scales. This combination of parameters seems to have the highest capability to
describe the convective boundary-layer growth, and combines all concepts to date that are
mostly used in parametrizations.

(iv) An “Extensive-stability-parametrization” was tested using data as in paragraph (ii) in
this section. Figure 8 shows the result using the two scale combinations and the statistical
entrainment-zone thickness concept.

Again, it is obvious that the data show a clearer relationship with less scatter when the tur-

bulent scales are used. The correlation coefficient between (hy — hg)/L and Ri ;iﬁ increases
from 0.41 to 0.81 by changing L = h to L = [. A least-squares fit results in
hy — ho
h

/

= (227 £2.6D)Ri,.” + (0.21 £0.06), (17)

and

hy — h L
% = (15.16 £ 459 Ri,,.”> + (0.59 + 0.48). (18)
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ber using entrainment velocity: conventional convective boundary-layer scales (i, wy) in the left, and new
turbulent scales (/, ow,max) in the right picture. Black dots using the aerosol-height concept, grey dots the
turbulence height concept, pluses data obtained by Deardorff et al. (1980), crosses represent data obtained by
Boers and Eloranta (1986). The black dashed line is a best fit through the data

The transition-zone concept yields lower correlation coefficients for all boundary-layer height
concepts.

5 Conclusions

The entrainment of air from the free atmosphere into the turbulent convective boundary layer
is a problem that has been considered in theoretical models, laboratory studies, field cam-
paigns and numerical studies for many years. Here we investigate such entrainment with
Doppler lidar wind and aerosol data, which allow good visualization of the entrainment pro-
cess and simultaneously a characterization of the turbulence throughout the whole boundary
layer. Different concepts of entrainment-zone thickness (statistical and transition-zone con-
cepts) and boundary-layer height (aerosol layer and turbulence heights) and different scales,
especially for differentiation between scales used conventionally in atmospheric boundary-
layer research (h and w,) and fluid mechanics (I and oy, max), are considered and compared.

Different conceivable fluid entrainment processes are identified: the deformation of the
interface due to impinging eddies and plumes; the generation of waves at the interface, which
show breaking patterns; and the engulfment of aerosol-depleted air by aerosol-laden air. Based
on the different processes, entrainment-zone classes were defined, which can be linked to
atmospheric situations, which differ depending on the stability of the free atmosphere. An
equivalent behaviour can be seen for Ak and w.. In summary different entrainment regimes
are discernable, although these results need further testing.

Concerning the entrainment parametrization, four different complex classes of relation-
ships were examined. In general it turns out that the concepts of statistical entrainment-zone
thickness and aerosol-layer height, which were used so far in entrainment parametrizations,
showed the clearest relationships with least scatter. Although the concept of turbulence height
should be able to display the current extent of the turbulent zone more reliably compared to
the aerosol-layer height, it showed partly lower correlation coefficients. Additionally, it has
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the disadvantage of a low temporal resolution when obtained from ground-based lidar. The
transition-zone concept for entrainment-zone thickness shows low correlation coefficients
in all parametrization classes. It might be reasonable to reject this as an entrainment-zone
concept, which can be obtained from lidar measurements.

The simplest entrainment parametrization used a direct proportionality between the
entrainment-zone thickness and a length scale, and the entrainment velocity and a veloc-
ity scale. Ah/L, and w/V respectively, are distributed log-normal with expected values
in the order of previously found results. Also numerical values found in previous studies
for a relationship between the normalized entrainment-zone thickness and the normalized
entrainment velocity, without explicitly considering stability, were confirmed. Here, the cor-
relation coefficients showed no considerable change, when changing the scales from (&, w,)
to (I, ow, max). Parametrizations including stability were tested using a modified Richardson
number, and these types of parametrizations yield the highest correlation coefficients. A
change in the scales from (4, ws) to (I, ow,max) increases the correlation coefficient by a
factor of up to 2.

For several parameter configurations the turbulent scales yield improved relationships.
One reason for this result might be that / and oy, max are more closely connected to the driv-
ing processes of entrainment, i.e. the turbulent eddies, than (4, w,). Whereas boundary-layer
height is just an indicator or a record of the turbulence, the integral length scale represents the
instantaneous size of the dominant eddies. The standard deviation of vertical velocity quanti-
fies the velocity fluctuations, whereas the convective velocity is a derivative of the turbulent
surface flux and the boundary-layer height. The turbulent scales are now directly available
from lidar measurements and may therefore help to improve entrainment parametrizations.
Although it has to be considered that these scales may be difficult to use in numerical models,
because they are subgrid variables, and have to be parametrized themselves.
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