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Abstract. Aerosol signatures observed by ceilometers areEarth’s surface and the atmosphere occur via turbulent mix-
frequently used to derive mixing-layer height (MLH) which ing (see e.gOke, 1987 American Meteorological Society
is an essential variable for air quality modelling. However, 2013. Gaseous and patrticulate constituents emitted from the
Doppler wind lidar measurements of vertical velocity can surface become well mixed within the ML which is capped
provide a more direct estimation of MLH via simple thresh- by a temperature inversion or statically stable layer of air.
olding. A case study reveals difficulties in the aerosol-basedlherefore, aerosol particle concentration is high in the mix-
MLH retrieval during transition times when the mixing layer ing layer whereas further up in the free troposphere aerosol
builds up in the morning and when turbulence decays in theconcentrations are generally much lower. Atmospheric pol-
afternoon. The difficulties can be explained by the fact thatlutants are dispersed within the ML, and thus mixing-layer
the aerosol distribution is related to the history of the mixing height (MLH) is an important parameter for air quality ap-
process and aerosol characteristics are modified by humidifiplications. Any model that attempts to predict concentrations
cation. The results of the case study are generalized by evaheeds MLH as a parameter or must be able to describe its
uating one year of joint measurements by a Vaisala CT25Kevolution (e.gCollier et al, 2005 White et al, 2009. Fur-
and a HALO Photonics Streamline wind lidar. On averagethermore, in a convective boundary layer, cumulus clouds
the aerosol-based retrieval gives higher MLH than the windcan only develop if the MLH reaches the convective conden-
lidar with an overestimation of MLH by about 300 m (600 m) sation level, making it thus a relevant quantity for numerical
in the morning (late afternoon). Also, the daily aerosol-basedweather prediction.
maximum MLH is larger and occurs later during the day and  Vertical mixing in the ABL can occur due to surface heat-
the average morning growth rates are smaller than those déng and resulting buoyancy but also due to wind shear. The
rived from the vertical wind. In fair weather conditions clas- firstleads to a convective boundary layer which occurs nearly
sified by less than 4 octa cloud cover the mean diurnal cyclesvery day and which is described in the following. Daytime
of cloud base height corresponds well to the mixing-layer ABL turbulent mixing is driven by solar radiation energy,
height showing potential for a simplified MLH estimation.  which — to a major part — is absorbed by the Earth’s surface
and re-emitted to the atmosphere in the form of long-wave
terrestrial radiation and turbulent fluxes of latent and sensible
heat (i.e. convectiorStull, 1988 Garratt 1994. The forma-
1 Introduction tion of clouds reduces the incoming solar radiation at the sur-
face and thus the turbulent heat fluxes from the surface into
The atmospheric boundary layer (ABL) is the lowest part the atmosphere. This introduces a feedback mechanism mod-
of the atmosphere that is in contact with the Earth’s sur-y|ating the exchange between surface and atmosphere. After

face (American Meteorological Societf013. The mixing  synset on days with strong local and weak synoptical forcing,
layer is a type of ABL where exchange processes between the

Published by Copernicus Publications on behalf of the European Geosciences Union.



3686 J. H. Schween: MLH from ceilometer and wind lidar

convection decays and a neutral or slightly stable layer forms(Steyn et al. 1999 Eresmaa et gl2012), application of the
called the residual layer (RL). At night the emission of long- Haar wavelet analysi®avis et al, 200Q Brooks 2003 Haij
wave radiation by the surface leads to strong cooling and theet al, 2006, or a threshold for the backscatter (etarvey
formation of a stable nocturnal boundary layer (NBL) close et al, 2013. Even though advantages and disadvantages of
to the surface and below the RL. In low wind speed situa-different methods have been investigated by several studies
tions stratification of the NBL can be very strong, leading to (see e.gSicard et al.2006 Haij et al, 2007 Eresmaa et gl.

a decoupling of the layer above and as a consequence to tt012 Haeffelin et al, 2012, no consensus on a specific al-
formation of the so-called nocturnal low-level jet gorithm has been reached yet.

(Garratt 1994, which may induce intermittent turbulent Lidar ceilometers are robust low-power, low-cost and low-
mixing (Banta et al.2006. In the case of moderate surface maintenance lidars designed to determine the cloud base
winds during night a shallow nocturnal mixing layer may be height (ceiling) but also provide the backscatter profile,
induced by surface roughness and stored heat especially itthough with less sensitivity than a lidar. Several studies have
urban areasJouch and Grimmon®006. Strong winds are  proposed that ceilometer-measured backscatter profiles can
usually connected to strong shear especially close to the sube used to derive the MLH (e.ilinkel et al, 2007 Eresmaa
face and thus also induce turbulent mixing which can reactet al, 2006 2012. Many airports, weather services, research
even during night heights similar to those of a convectiveinstitutions etc. operate ceilometers (&tp://www.dwd.de/
ML. ceilomayp, and therefore, attempts are made to use them as a

A number of methods exist to determine the MLH from network for aerosol retrieval (e.g§Viegner et al.2014 but
different measurement$§¢ibert et al.2000. Most of them  also of MLH observations (e.d¢daij et al, 2007 Haeffelin
are based on proxies for the mixing process, such as tempeet al, 2012.
ature, humidity or Richardson number. These parameters are Doppler lidars offer a direct approach to investigate the
frequently used in radiosonde-based retrievals, which are ofABL mixing (e.g. Cohn and Angevine200Q Hogan et al.
ten considered to be the most reliable as they are based on 2009. Instead of measuring a proxy for the vertical mixing,
situ measured parameters, and are therefore used as refererigeppler lidars can measure directly the vertical air veloc-
in several studies (e.deresmaa et 312008 Sicard et al. ity. Engineering progress but also growth of the wind en-
2008 Minkel et al, 2007 O’Connor et al.2010. However,  ergy industry in the last two decades have led to the de-
determination of the MLH from radiosonde data is not that velopment of affordable and robust Doppler lidar systems
straightforward because no unambiguous separation betwedg.g. Pearson et 3l.2010. MLH can be estimated by us-
ML and the atmosphere above might be fouBdipertetal.  ing a threshold value for the vertical velocity standard devia-
2000. Additionally, radiosondes measure properties alongtion o,, (e.gTucker et al.2009 Pearson et 312010 Barlow
their flight path and their data might not be representative foret al, 2011 Traumner et aJ.2011). Another method is to use
the atmospheric column above the measurement site. Due tiirbulent energy dissipation rate as proposedbgonnor
the fact that a radiosonde follows the horizontal wind during et al. (2010. This method is based on the assumption that
its ascent, it tends to move into regions with convergence andgneasurements take place in the inertial subrange. However,
avoids regions with divergence. As a result radiosonde prothe effort to ensure this is rather high (investigation of tur-
files are biased towards properties of rising plumes in convecbulent spectra) and reduces the universality of the method.
tive situations. In addition, a major shortcoming of radioson- Martucci et al (2012 identify the MLH as the level of a dis-
des for MLH estimation is their coarse temporal resolution. tinct negative gradient in the,, profile. This is somehow a

Many of the radiosonde drawbacks can be overcomecontradiction to the semi-theoretical profiles which show a
by continuously operating ground-based remote sensing insmooth decay with more or less constant gradients towards
struments. Lidar (Light Detection and Ranging) systemsthe top of the ML [enschow et a).198Q Sorbjan 1989.
have been used for atmospheric research since the 1960s their multi-sensor approach for a boundary layer classifi-
(Weitkamp 2005. An aerosol lidar determines the aerosol cationHarvey et al.(2013 use the second derivative of the
backscatter coefficiert which depends on number concen- vertical velocity variance with respect to height: if the profile
tration, size and optical properties of the aerosol particlesis convex in the lower half of the ABL it is a ML with mixing
Assuming that the main source for aerosol and its precuroriginating from the surfacelrdumner et al(2011) discuss
sors is at the surface, turbulent mixing will lead to a uniform several methods based on the semi-theoretiggbrofile as
high aerosol concentration in the ML and a distinct gradi- proposed by.enschow et al(1980. They find that the use
ent to much lower concentrations in the atmosphere aboveof a threshold fow,, is the most robust method.

Thus it should be possible to derive MLH from lidar by us-  Currently, only relatively few comparisons of MLH re-
ing the aerosol backscatter as a proxy. A number of differentrievals between aerosol and Doppler lidars exist. A qualita-
lidar-based algorithms exist to detect MLH (see &€meis tive comparison of Doppler lidar-derived vertical wind speed
et al, 2008. They are based on evaluating the gradient of theand MLH derived from aerosol backscatter profiles was per-
backscatter profileEndlich et al, 1979, its logarithm (i.e.  formed byBaars et al(2008 for a time period of 3 days.
the relative gradient)Senff et al, 1996, fitting to a function ~ They find that aerosol-based MLH retrievals agree with the
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height of the layer within which the largest vertical wind 2 Instruments and retrievals
speeds occurTucker et al.(2009 test different retrievals
based on vertical velocity variance, horizontal wind shearThe following analysis is based on observations by a
and lidar backscatter from a ship-based Doppler lidar dur-Vaisala CT25K lidar ceilometer and a HALO Photonics
ing a 44-day campaign in the Gulf of Mexico. A compari- Doppler lidar operated continuously at the Jilich Observa-
son of 99 selected best MLHs derived from different meth-torY for Cloud Evolution (JOYCEhttp://geomet.uni-koeln.
ods and radiosondes gives a correlation of 0.87. During a 10de/joyce] in Germany at 5864’ N, 6°24 E and 111 m above
week campaign in a tropical rainfore®earson et a(2010 mean sea level. The site has a typical central European
find significantly lower MLH derived from aerosol backscat- climate. The 30-year average precipitation for the region
ter than those retrieved from wind lidar, which they attribute shows two minima in April (about 60 mm) and September
to aerosol particle growth within humid layers, gradients in (about 70 mm) respectively with September slightly wetter.
the residual layer, and clouds. A 1-month campaign in Lon-Maximum precipitation occurs typically in July and De-
don, UK, described byBarlow et al. (2011 shows good cember (both around 81 mm). Average temperatures have
agreement between aerosol- and vertical wind based MLHheir minimum in January (1.4C) and maximum in July
during night but reveals a systematic underestimation of th€17.5°C) (Deutscher Wetterdiens011 and 2012 The
aerosol-based MLH during daytim&aumner et al(2011) CT25K ceilometer is available since the 1990s and can be
investigate 12 days of data from different campaigns in cen-considered as a typical low-cost network instrument. In or-
tral Europe. A Doppler wind lidar is used to derive MLH der to test its performance with respect to the next genera-
from aerosol backscatter and vertical wind speed. Comparition of ceilometers, we perform an intercomparison with the
son of both retrievals shows a high correlatiegh<0.91) but  Jenoptik CMH15K ceilometer over 3 months. The ceilome-
also large scatter with individual differences in the order of ters are located within 4 m of each other, and the Doppler
500 m, which are attributed to the fact that the turbulence-lidar is ca. 20m apart. The instruments and the respective
based height gives the current extent of the ML whereas thalgorithms, i.e. “Structure of the atmosphere” (STRAT-2D
aerosol-based height gives a measure of past MLH. Morille et al, 2007, Haeffelin et al, 2012, to derive MLH
In general, studies agree that MLH is only reliably re- are described below. For simplicity the retrieved mixing-
trieved from aerosol backscatter during noon hours when thdayer heights are denoted as Midb and MLHying for the
convective boundary layer is fully developed and topped byaerosol-based algorithm and the vertical wind based MLHs,
the clean, free troposphere (eEgesmaa et 312012 Trdum-  respectively.
ner et al, 2011) Nevertheless, some recent studies investi-
gated the climatology of e.g. the maximum MLH or the ML 2.1 Ceilometer
growth rate (e.gBaars et al.2008 Cimini et al, 2013 Ko-
rhonen et a].2014) not taking into account any limitations of 2.1.1 Vaisala CT25K
the MLH retrieval during certain conditions. Especially, eval-
uating the growth rate between some hours after sunrise an@ihe Vaisala CT25K ceilometer (e.gaisala 1999 Munkel
maximum MLH assumes that there are no limitations of theet al, 2007) collects backscatter data with 15 s temporal and
MLH retrieval during this time. Therefore a quantification 30 m spatial resolution up to a height of 7.5km whenever
of the errors of aerosol-based MLH retrievals is necessarysufficient backscatter from aerosol or clouds occurs. It oper-
MLH retrieval based on Doppler wind lidar gives the oppor- ates at 905 nm wavelength with average emitted laser pulse
tunity to evaluate this on high temporal resolution and over aenergy 1.6 pJ. In order to increase the signal-to-noise ratio
long time period, if an automated system is used. 65536 pulses are averaged to one backscatter profile. For
The aim of this work is to estimate and compare MLH de- further details of the instrument see TalileThe instrument
rived from stand-alone ceilometer aerosol particle backscatsoftware provides profiles of the attenuated backscatter co-
ter profiles and from Doppler lidar vertical velocity standard efficient (8), which are subsequently input to STRAT-2D.
deviation profiles based on 1 year of continuous observaThe manufacturer states that backscatter can be used from the
tions. The vertical wind speed based MLH retrieval may befirst range gate, because a full overlap is achieved by using
seen as a reference as it is based on the variable that caush® same telescope for transmitting and receiving (see also
the vertical mixing, whereas aerosol-based retrievals use th#liinkel et al, 2007). RecentlyWiegner et al.(2014 have
aerosol backscatter as a proxy. In this way, the potential pershown for a single exemplar of the succeeding model CL51
formance of a low-cost ceilometer network for MLH estima- that the first range gates up to 60 m are not reliable and that
tion can be assessed. the internal overlap correction of the instrument leads to a
systematic overestimation of up to 10 % of backscatter in the
range below 500 m. In the following we will not use MLHs at
least below 120 m. The error due to the internal overlap cor-
rection is small and uncertain for the CT25K and therefore
not considered here.
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Table 1. Comparison of the performance of the Vaisala CT25K and Jenoptik CHM15k ceilomEter&nergy, noise factor is the square
root of the number of pulses per profile, i.e. a measure for the increase in signal-to-noise ratio due to averaging over many pulses for one
backscatter profile. The reduced backscatter is calculated from the wavelengthsing.4.

CT25K CHM15k CHM15k/CT25K CHM15k feature

Wavelength (nm) 905 1064 1.18 less energy per photon
Elpulse (uJ) 1.6 8 5.00 more power
Pulses/profile 65536 105650 1.61 more pulses

Aperture (nf) 0.0165 0.0154 0.93 smaller aperture

Range gate length 30 15 0.50 shorter gates

Mie backscatter (A. U.) 7.26 5.78 0.80 less backscatter
Noise factor 256 325 1.27 better noise reduction
Emitted photons 9.48 more emitted

Received photons 4.42 more received

Table 2. Availability (in percent) of MLH retrievals from the wind ~ This correction significantly increases the temporal stability
lidar and ceilometer during the four seasons from December 201%f retrieved backscatter profiles.
to November 2012. In order to retrieve attenuated backscatter coefficient pro-
files B in appropriate units (i.e. St m~1) the provided raw
MAM JJA  SON DJF all backscatterBraw has to be divided by aperturg, range
Wind lidar 45 47 29 55 43 gate lengthAr and the number of emitted photoM&mit
Ceilometer 40 44 31 43 40 calculated from laser pulse energy and wavelength by use
of Planck’s relation. With every profile the instrument pro-
vides self-diagnosed state variables for laSer optics So
and receivelSr in dimensionless units. They are included as
2.1.2 Jenoptik CHM15k K =S8 -So- Srtoyield

The CHM15k-Nimbus manufactured by Jenoptik GmbH, g = Praw ) (1)

Germany, operates at 1064 nm wavelength and provides pro- A Ar - K - Nemi

files of backscatter up to 15km with a temporal and spatialas for the CT25K, this variable is then passed on to STRAT-

resoluthn of 15s anq 1_5 m, respectn./elly. As for the CT25K, 5D tg calculate MLH.

true achieved range is limited by sufficient aerosol backscat-

ter. But as the instrument has more power, this range is typ2.1.3  Mixing-layer height from ceilometer

ically larger than that of the CT25KHgese et a).2010.

Because the optics of the laser and the receiving telescoperom several methods proposed in the literature for estimat-

are separated, sufficient overlap of both optical systems isng the MLH based on aerosol backscatter profiles we se-

reached only at a height of about 350 m. Average pulse enlected the “Structure of the atmosphere” (STRAT-2D) algo-

ergy (8J) and number of pulses averaged to one profilgithm (Morille et al, 2007 Haeffelin et al, 2012, which is

(Np~ 105 650) are higher than those of the Vaisala ceilome-freely available and thus well suited for network applica-

ter leading to about 8.5 times more emitted photons (see Tations. As in most algorithms for MLH from lidar backscat-

ble 1 and AppendixA). As range gates are shorter and wave- ter, this method uses the vertical aerosol backscatter gradi-

length is larger, the number of backscattered photons reactent, whereby strong negative gradients can indicate the MLH.

ing the receiving telescope is only about 4.4 times largerHowever, in order to guarantee a certain temporal consis-

This feature and the more sensitive receiver unit make thdéency of the MLH detection and thus to exclude unphysical

CHM15k a significantly advanced ceilometer compared tooutliers, the 2-D version of this algorithm is based on a 2-

the CT25K. D edge detection methoé&nny 1986. It first calculates a
The instrument has been operated in its current setup sincgradient in the time—height domain and then further filters for

August 2013 at JOYCE and provides range and overlap cortypical edge properties, i.e. there must be a local maximum

rected backscatter in arbitrary units. In contrast to earlierin the direction of the gradient and gradient pixels must be

studies (e.gHeese et al.201Q Wiegner and Geif32012 larger than a threshold or they must have neighbours larger

Martucci et al, 2010 the latest instruments software version than this threshold (for details seleffelin et al, 2012).

used in this study also comprises a correction for the sensitiv-

ity fluctuations of the photo avalanche diode of the receiver.
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Within the STRAT-2D algorithm the8 profiles are first 2.2 Wind lidar
smoothed using a Gaussian kernel with widths set to 1.2
range gate length (30 m) and 40 time steps (15 s) correspond/ertical wind speed is measured with a HALO Photonics
ing to a moving average over 108 m and 30 min. Signal-Streamline wind lidar Pearson and Colliel999 Pearson
to-noise ratio (SNR) is calculated for each bin and valueset al, 2010 Newsom 2012. It is a coherent Doppler lidar
with SNR< 1.3 are not used in further analysis. STRAT- that uses heterodyne detection to measure the Doppler shift
2D then determines three candidates for MLH: the largestof backscattered light. The instrument is based on a near-
(MLH arge), the second largest gradient (Mkddond and the  infrared lidar system operating at a wavelength of 1.5pum.
lowest height gradient (MLIgy). From these three candi- The average pulse energy of 100 pJ is larger than the one of
dates the most probable one is selected depending on the timbe aerosol lidars used in this study as the Doppler retrieval
of the day: during night-time, i.e. from sunset until 3 hours needs more photons to yield reliable results. Laser pulses are
after sunrise, the lowest height (Mldg) is chosen. During  emitted at a frequency of 15 kHz and averaged every second.
daytime STRAT-2D tries to avoid that the decayfoivithin Processing of these data takes some time resulting in a tem-
clouds is misinterpreted as MLH. Therefore the relative dif- poral resolution of 1.67 s. In its current setup, the maximum
ference ofg from 60 m above and 60 m below the respective range is 8 km but the actual range is limited to areas with
candidate is determined. If this relative difference is largersufficient occurrence of aerosol. The spatial resolution along
than 0.9 the candidate is rejected. Finally the first valid can-the beamis set to 30 m. Largest and smallest resolvable speed
didate from the list (MLhbhrge, MLHseconda MLH ow) is re- are 19.2 and 0.038 m$, respectively. The output consists of
turned as the final MLH. If no candidate is found, STRAT-2D wind speed along the beam, backscatter coefficient and SNR
returns the lowest valid range gate (i.e. 30 m) as MLH whichfrom the heterodyne detection. The instrument is equipped

is not used in the further analysis. with a scanner to point its beam in any direction of the upper
_ _ . hemisphere. In its current setup, it performs several different
2.1.4 Ceilometer intercomparison scan patterns to infer profiles of horizontal wind speed and its

) , spatial distribution. These scans sum up to 12 min per hour.
In order to assess the consistency of MLH retrievals frompring the remaining 48 min per hour the wind lidar points
aerosol lidar, the MLH estimates from the two cellometersvertica”y and measures profiles of vertical velocity.

are compared. Backscatter data of both instruments from nrejiable Doppler velocities are filtered by a SNR thresh-
16 August to 16 November 2013 were analysed with STRAT- 4 of SNRs=—18.2 dB derived from long-term noise char-

2D. As described above, the backscatter data are smoothegieristics. This value is somewhat larger than the threshold
equivalently to a running arithmetic average over 30 min andy¢ _ 20 4B used byBarlow et al.(2011) based on the consid-
evaluated every 5 min resulting in 26 691 profiles for each in-g4tions oRye and Hardest{1993. For the instrument used
strument. All data below 350 m were rejected for both instru-; this study, the value SNRindicates the SNR range below

ments as the CHM15k suffers from incomplete overlap up to\yhich the Doppler velocity consists only of white noise. It

this height. This reduces the number of MLH detections todepends on the setup of the instrument, mainly the number

9173 with most of the samples occurring during daytime. ¢ gyerages, and it differs from instrument to instrument but
The average agreement is good with a bias of 3.6 m bufg relatively constant in space and time.

the overall root mean square error (RMSE) is with 500 m
rather large. Figuré shows absolute and relative difference 5 5
between MLH from the Vaisala CT25K and the Jenoptik

CHM15k over the course of the day. MLH is mainly detected g the filtered time series of the vertical velocity, the stan-
between 08:00 and 18:00 UTC and the median dlfference%ard deviationo,, is calculated every 5min from the data

closely follow the zero line over this period. Absolute dif- 4t the surrounding15 min interval. This standard deviation
ferences show a strongly skewed distribution with maximumig ¢ rrected for instrumental noise following the technique

values larger than 1 km. The first (third) quartile ranges from yascribed byLenschow et al(2000. Most of the time the
minimum values aroune 150 m (+25m) inthe morningand  .,rection is less than a few crm’sor a few percent of,.
evening hours te-40m (150 m) around noon. As they vary - The average interval of 30 min is motivated by the considera-
with the time of the day relative difference seem to be morej,, that a convective plume with an average ascent speed of
adequate for an error estimate. For a fixed time of day the rel 1«1 needs about 16 min to travel through a mixing layer
ative differences are — albeit symmetrical — not following a t 1 km height. The average interval is thus about twice the

Gaussian distribution. Therefore, instead of a standard devife time of such a plume and also typical for the derivation
ation we consider the 25 and 75 % percentile for the descripys turbulent fluxes from eddy covariance stations.

tion of the uncertainty in the derived aerosol mixing-layer  aq shown byTaylor (1922 1939 the vertical size of a
height MLHaer0 Over the course of the day these percentilesp|ume growing due to homogeneous turbulent movement
are relatively constant and correspond to a relative accuracy proportional tos,,. We thus user, as an indicator for

of £5% (Fig.1). vertical mixing. The MLH is determined as the first height

MLH from vertical wind
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Figure 1. Absolute difference\MLH =MLH cT125¢K — MLH cym1sk (left) and relative differenca MLH /MLH cym1sk (right) of retrieved

MLH gerofrom Vaisala CT25K and Jenoptik CHM15k as function of time of the day for the period 16 August—16 November 2013. Shading
shows frequency of occurrence for bin sizes of 30 min and 120 m for absolute and 0.0125 (1.25 %) for relative MLH difference respectively.
Red lines are the 25 and 75 % percentile (dashed) and the median (solid) of half hour intervals, respectively. For the analysis 9173 data points
were used. During half hour intervals when less than 20 % of the data were available (see text) median and quartiles are not displayed. Dottec
lines mark+ 0.05 chosen as the average error for the Mijdestimate.
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Figure 2. Absolute changeAMLH=MLH + —MLHg4 (left) and relative changeAMLH /MLHq4 (right) of retrieved MLH. for
owts=(0.4+£0.1)ms ™1 as a function of time of the day. Shading gives the histogram for single retrievalsrithincreased (red) and
decreased (blue). Bin size is 30 min, 60 m absolute and 0.05 (5 %) relative MLH change. Solid lines are half hour medians for increase (red)
and decrease (blue) of,ts, respectively. Dashed lines are medians mirrored at zero. A total of 8667 (11 218) records have been used for
the upper (lower) histograms. During daytime there are on average 440 out of 540 points per half hour interval. Medians are not shown for
times when less than 20 % of the original data gave an estimate. Horizontal black dotted lines inditat&4lehange derived from ths,

profile of Lenschow et al(1980.

whereo,, falls below a threshold,s. Different thresholds dependent on this value and will be investigated in more de-
have been used byucker et al.(2009 (o,ts=0.20 and tail below.

0.17 ms'1), Pearson et a(2010 (0.30ms1), Barlow et al.

(2011) (0.32ms ) and Traumner et al(201]) (0.40ms?).  2.2.2 Threshold sensitivity

In order to derive a sensiblg,is we make use of the semi- . . L .
theoretical profile of_enschow et al(1980. This profile ~ 1© investigate the sensitivity of the MLH derived from
is originally based on a handful of airplane measurement0PPIer lidar to the threshold i@ a 3-month period
but has been recently confirmed with Doppler lidar mea-T0M June to August 2013 was selected ang increased
surements and LES simulatiorisshschow et a)2012. we ~ and decreased by 25% to 0.5 and 0.3 Mgespectively.
assume a typical convective velocity scaleugf=1.5ms™? Times when the whole,, prof!le remained beIO\_/v the.thresh—
and arrive atr,s=0.4ms! (see Appendi8 and Traum- old were excluded; that mainly concerned nlght?tlme data.
ner, 2010. However, in realityw, is time dependent and the The histograms (FigR) for the absolute and relative MLH

Lenschow et al(1980 profile is only valid for a developed Cchanges due the increase/decrease aé show a strong
convective boundary layer. The choice of a threshold method:luster at zero, i.e. in these cases the value of the threshold

is of course somewhat unsatisfactory as it makes the retrievd{ €S not play a_role. Neve_rtheless, the medians are non-zero
and absolute differences in MLH average4td 00 m with

a more or less linear increase during the day fréx0 m
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Figure 3. MLHying (left) and MLHzero(right) versus MLHgngederived from HOPE data during April and Mach 2013. Filled symbols mark
daytime (08:00-16:00 UTC) and open symbols night-time values.

(07:00 UTC) tot 150 m (16:00 UTC). It should be noted that typically slightly above the level of neutral buoyancy. Prior
both medians lie symmetrically to zero indicating that the av-to the retrieval, profiles were smoothed with a five-point glid-
erageos,, shows a linear decrease in this region of the ML. ing average which is equivalent to about 50 m. The reference
Figure2 reveals that best agreement in terms of relative erJevel was chosen to be 60 m in order to avoid effects due to
ror occurs between 10:00 and 15:00 UTC, i.e. the time framehe local micrometeorology. For the critical Richardson num-
in which a well-developed convective boundary layer is mostber a value of 0.20 was used. Mg and MLHaero Were
likely. Here, the median of the relative differences is quite determined from the 30 min average around the time when
low and amounts to around 7 %. This is the same value ashe sonde was in the middle of the mixing layer. MLH values
when using thé_enschow et al(1980 profile that relates a  below 120 m where rejected as the wind lidar is not sensitive
change in height of- 7 % to a change ia, by +25% (see  below.
AppendixB). In the morning and afternoon hours the rela- During days with frequent soundings the diurnal course
tive difference increases t& 30 %. This indicates that the of MLH ying and MLHsgngeShow in general good agreement
Lenschow et al(1980 profile is only valid around noon in  even during some cases at night when large wind speeds in-
the fully developed convective ML. In the morning and af- duced shear driven mixing. The scatter plot of Migk}ever-
ternoon hours, the observeq, profiles show a slower de- sus MLH,ing (Fig. 3) shows, apart from some outliers, differ-
crease with height and consequently the derived MLH de-ences of less tha#t 500 m. Numerical analysis gives a bias
pends more strongly on the choice of the threshold. We thereef —86 m and a RMSE of 359 m which is better than the val-
fore considett 15 % as error estimate for MLkhg. ues for MLH,ero (209 m and 546 m respectively), or what is
typically found when comparing any aerosol-based retrieval
with radio soundings (see e.gorhonen et al.2014 Luo
et al, 2014 Haeffelin et al, 2012 Hennemuth and Lammert

To evaluate the remotely sensed MLH retrievals, they are2006. Note that there are some night-time values with espe-
compared to MLHs derived from radio soundings. JOYCE cially MLH aerolarger than MLHongewhen the aerosol-based
was one of the three central sites of HOPE (High Definition algorithm detects the top of (or aerosol layers within) the
Clouds and Precipitation for advancing Climate Prediction RL while MLHuwing shows good agreement. Omitting these
(HD(CPY) Observational Prototype Experiment, Setp: points from the analysis still gives worse results for MieH
/ww.hdcp2.ell. Two to five radiosondes were launched N summary it can be said that Mlwhg compares much bet-
per day from a site 3.8km to the southeast of JOYCE dur-ter to the radiosonde-based MLH than Midrb

ing the 2 month period April-May 2013. From this data set

141 profiles have been used for the comparison. The MLH

retrieval from the radiosondes (Mlgbhgd Was done with

the bulk Richardson number method which is, according to3 Results

Seibert et al(2000, the best when also mechanically driven

mixing should be detected. This method is based on the agn this section we first compare the performance of MLH re-
sumption that an air parcel (or plume) rising from the surfacetrievals derived from backscatter and vertical velocity pro-
preserves its properties until it reaches a level where it is nofiles by means of a case study (Se®tl) to illustrate the
buoyant any more and it is destroyed by the wind shear. Thigrincipal differences between both methods. We then pro-
level is identified with the critical Richardson number and is ceed to a statistical analysis of a 1-year data set (Sedt.

2.3 Comparison to radiosonde
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Figure 4. Time—height sections of vertical velocity (top), its standard deviation (stddev, mid panel) and aerosol backscatter coefficient (beta,
bottom panel) on 28 May 2012. MLH retrieved from wind lidar (solid black with diamonds) and from ceilometer (solid grey with triangles).
Magenta squares indicate cloud base heights as determined by the ceilometer. Triangles at the abscissa mark sunrise and sunset. Letters A,
and C refer to descriptions in the text. Temporal resolution of the vertical velocity plot is 1 min.

and finally investigate mixing-layer characteristics such asand collapses almost completely throughout the whole ML

maximum MLH and average growth rate (Se8). at 17:30UTC, 2 hours before sunset.
Most of the time, both MLH retrievals show good agree-
3.1 Case study ment. However, some features revealing typical problems

of deriving MLH from backscatter profiles can also be ob-
To investigate the performance of the aerosol-based STRATserved (refer to arrows with letters in Fig). In situation A,
2D compared to the wind-based MLH retrieval, a fair the height of the nocturnal boundary layer is interpreted as
weather spring day (JOYCE, 28 May 2012) with a classicalMLH, althougho,, values are well below 0.1 m$. Around
“textbook” boundary layer development is analysed (B)g.  07:00 UTC (situation B), aerosol layers within the RL or at
Between midnight and 08:00 UTC the residual layer is vis-its top around 700 m are erroneously retrieved as MLH, al-
ible as a region with low values of the standard deviationthough significant mixing is only taking place below 300 m.
of vertical velocity ¢, <0.20ms 1) up to approx. 1.5km. Finally in situation C (afternoon, starting at 17:00 UTC), the
Convection begins to develop around 06:00 UTC, i.e. 2.5 hdetection of the breakdown of the ML is delayed due to re-
after sunrise, as indicated by enhanegdclose to the sur-  maining aerosol particles aloft.
face. The MLH steadily increases and reaches the maxi- Inorder to gain further insight into the differences between
mum RL height at around 09:00 UTC. At 14:00UTC the the aerosol- and wind-based MLH retrievals, the thermal
ML reaches its maximum height at about 2.1 km and beginsstructure of the ABL is considered (Fi§). Potential tem-
to stagnate. Additionally, starting from 10:30 UTC, cumulus perature profiles are derived from the microwave radiome-
clouds start to develop at the top of the ML visible by the high ter HATPRO Rose et al.2005 that uses measurements at
backscatter and subsequent extinction of the signal aboveix different elevation angles to retrieve the vertical profile in
in Fig. 4. Turbulent mixing begins to decay at 16:00UTC
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28.05.12 00:09 — 28.05.12 23:56 stable NBL and consequently an increasing gradient in the
backscatter profiles was interpreted as MLH.

Beginning at 06:00 UTC the ML grew into the NBL, dis-
solved it and further grew in the neutrally stratified RL. Be-
tween 07:00 and 08:00 UTC the aerosol-derived MLH shows
higher values (700 m) than the wind-derived MLH (250 m,
arrow B in Figs4 and5). Stratification in this region was still
stable and vertical wind as low as during the night. Aerosol
backscatter below the wind-derived MLH showed enhanced
values. Nevertheless, the gradiengiat this height seems to
be lower than gradients in the RL above or even at the top of
the RL and these heights are consequently assigned as MLH.
The most probable explanation for this behaviour is that

‘ : with the breakup of the NBL temperature increases, relative
Q 3 6 9 12 13 18 21 24 .-
time (hour UTC) IS humidity decreases and backscatter decreases as well. The
¢ backscatter gradient at the top of the ML becomes smaller
Figure 5. Time—height section of potential temperature from HAT- than gradients in the RL above.
PRO (colour shading). Black line with diamonds shows ML from  The third situation (arrow C in Figgl and5) illustrates
wind, grey line with triangle ML from aerosol. Solid isolines show that the aerosol-based STRAT-2D algorithm cannot follow
the vertical potential temperature gradient in steps of 0.5K/100 mthe breakdown of the MLH around 17:45UTC. Instead, the
(solid), dotted lines in steps of 0.1 K/100 m betweed.9 K/100m  top of the aerosol layer, which at this time is the top of the
to +0.9K/100m. The thick isoline marks pegtral_stratification RL, is identified as the MLH. Unfortunately, it is not pos-
(0K/100m). Letters A, B and C refer to descriptions in the text. sible to analyse the temperature inversion at the top of the
ABL due to low spatial resolution of the MWR data at these
heights. HoweverTraumner et al(2011) already noted that
incorrect detection during MLH decay is due to the fact that
the lowest hundred metres of the ABL very accurately with the aerosol distribution in the ABL represents the history of
a high resolution of decametersthnert and Meigr2012. the mixing processes, whereas the vertical wind shows the
Higher up in the ABL, spatial resolution decreases rapidly, current status of vertical mixing.
such that the inversion at the top of the boundary layer is
usually not resolved. 3.2 Average diurnal cycle

Potential temperature during night clearly shows the sta-
bly stratified and cold nocturnal boundary layer (NBL) with After discussing typical issues concerning MLH detection
temperatures down to 289K (04:30 UTC) and gradients offrom aerosol backscatter profiles in comparison to the more
more tharH-4 K/100 m (01:00-03:00 UTC) close to the sur- realistic retrievals from wind lidar in the section above, we
face (Fig 5). The region with pronounced stable stratification now analyse the impacts of the different retrievals on the
grows until 06:00 UTC in the morning (2.5 h after sunrise) average diurnal cycle of the MLH. The analysis is carried
when stratification close to the surface quickly transformsout over the course of a full year (four seasons) of JOYCE
from stable to unstable. observations between December 2011 and November 2012

During the time span of the lowest temperatures close tqFig. 6). The winter of the investigated period, especially
the surface, MLHg(o increases from 120m at 03:00UTC December and January, were characterized by stormy but
to around 300 m at 04:30 UTC. However, vertical mixing is relative mild weather, whereas spring and autumn had less
very unlikely, as stratification at this time is stable with a precipitation than average, increasing the chance for higher
strong positive potential temperature gradient. In agreemenMLHs (Deutscher Wetterdiens2011 and 201R
with this, the Doppler lidar did not detect any significant ver-  MLH values below 120 m are excluded as both retrievals
tical air movement and thus no MLH was assigned (arrow Afall back to values below if no MLH can be found, which
in Fig. 4). However,B profiles show a region with a signifi- was the case for about 50 % of the data. Time series are syn-
cant vertical gradient leading to the detection of a deepeninghronized and values are only accepted when both retrievals
ML between 03:00 and 05:00 UTC. Most probably this de- provide a value. When less than 20% of the original data
velopment was connected to the dissipation of thin mid-levelremains, statistics are not evaluated, which mainly excludes
liquid water clouds (base 2.5km, top< 3.2km as derived the night-time values. Note that the analysis is carried out for
from the cloud radar at JOYCE) at 03:00 UTC followed by all cases including cloudy (e.g. frontal passages and cumu-
increased radiative cooling, decreasing temperature 8Hrig. lus clouds) and clear-sky cases. On average the wind lidar
and increasing relative humidity in the lowest few 100 m. could provide a valid MLH retrieval during 43 % of all the
This may have initiated hydrophilic aerosol growth in the times (including nights), whereas the MLH availability from

P o o e o o o e e

B [y e
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Figure 6. Average diurnal course (solid line) of MLH from aerosol (left panels) and vertical wind (right panels) for spring (MAM), summer
(JJA), autumn (SON) and winter (DJF). Whiskers and boxes indicate 10, 25, 75 and 90 % percentiles. The centre dot indicates the median.
On top of every subplot the number of cagéss shown before excluding any data (dashed line), after excluding data below 120 m (solid thin
line) and after synchronizing with the other instrument (solid thick line). Triangles at the abscissa mark range of sunrise and sunset during
the respective season.

the ceilometer was 40 % (see TaB)e In general data avail- layer (e.g.Stull, 1988. During spring (summer) the average
ability from both instruments is similar (see also the numberMLH ying begins to decrease 2 (resp. 3) hours before sunset.
of cases in Figb). In contrast to this, MLHgro remains longer at higher MLH

The MLH from both methods show an increase in the values, decreasing in height with sunset (spring) or 2 hours
morning until noon in spring and summer (MAM and JJA before the earliest sunset (summer). This behaviour general-
in Fig. 6), which is in general agreement with the com- izes the difference between Ml#g and MLHzero already
mon knowledge of the development of a convective boundarynoted in situation C within the case study (Figand5). In
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Figure 8. Frequency of occurrence of maximum MLH from wind lidar (blue) and ceilometer (red) for spring, summer, autumn and winter
(clockwise from top left). Whisker boxes on top show 10, 25, 75 and 90 % percentiles and the median.

the morning hours before noon, average MkKis in gen-  mixing-layer heights are thus not convectively driven, but
eral larger and shows a smaller growth rate than Mixk caused by wind shear. Switching of the STRAT-2D algorithm
This could be related to situations denoted as B in the casbetween the day mode (beginning 3 h after sunrise) and the
study above (Figst and5). In winter (DJF), night-time val-  night mode (beginning with sunset) is in winter clearly vis-
ues above the minimum ML are frequently retrieved by bothible as a sudden increase in Midf, In contrast, MLHying
methods. This is due to a rather large number of storm paseoes not show a diurnal course and it can be concluded that
sages in the winter data set. The observed large nocturnal
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the switching of STRAT-2D between night and daytime is which only clean air of the free troposphere and thus no
not working properly at least in winter time. backscatter can be found. In the case of a developing ML,
In general, the differencAMLH = MLH ger0— MLH wing which grows into the RL, there might be aerosol above and
is positive for all seasons except for night-time in winter MLH 5¢r0could be larger than MLI{gng. In contrast, the com-
(Fig. 7). This is as expected, as the wind retrieval of a parison byPearson et al(2010 showed MLR,ing to be
Doppler wind lidar depends on aerosol backscatter. Theyarger than MLHgrobut as their measurements were taken in
should be equal in the case of a fully developed ML abovethe tropics, humidity might have affected the aerosol particle
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Figure 11.Frequency of occurrence of cloud bases (shading) and overlaid ML from ceilometer (red) and wind lidar (blue) with cloudy cases
excluded. Bin size is 90 m 1 h. Cloud base heights are excluded from half hour intervals when cloud coverage was larger than 4 octa.

Table 3. Seasonal medians of daily maximum MLH (max), time of maximumgf and growth rate (GR) of MLH for JOYCE, December
2011-November 2012.

Wind Aerosol
MAM JJA SON DJF| MAM JJA SON DJF
max (km) 14 16 10 11| 16 21 14 11
hmax (hour UTC) 136 13.0 12.8 11.9 151 158 133 135
GR (mh1) 115 131 109 56| 78 73 72 76

properties. From our study it is obvious that on averageMLH itself at that time of the day. Similarly, in the morn-
MLH wind < MLH geroholds. ing, the difference in MLH is of the order of 300 m. This
The spread of the differences between both MLHs, de-pattern of MLH differences does not appear during winter
picted by the 25 and 75 % percentiles, is rather large with(DJF) when convective conditions are rather rare.
values up to 500 m (Figf) but in the same order of magni- Because the presented statistics include many different
tude as the differences found when comparing to radiosonweather situations, the retrievals might be biased by other
des (see Sec?.3). The spread is largest in the afternoon and atmospheric phenomena such as precipitation, layers within
larger in summer than in spring and autumn. Considering thestable stratification or clouds. As the classical definition of
error estimate based on the sensitivity studies in SBcs4 MLH development mostly applies during fair weather condi-
and Sect.2.2.2the differences are significant most of the tions, the analysis was repeated for cases where cloud cover
time, particularly in the late afternoon in spring, summer andby clouds below 3 km was below 4 octa. This removes frontal
autumn (Fig.7). As this difference cannot be removed by passages with periods of high cloud cover but also precip-
changing the threshold,s within the large range investi- itation as it is connected to clouds. The number of cases
gated in Sect2.2.2it must be concluded that ML{d,, is is reduced by about 45 % (summer and spring), 50 % (au-
systematically overestimated. tumn) and 70% (winter). However, except for winter the
In spring, summer and autumn, mean and median ofMLH statistics do not differ much from the results above:
AMLH show the same behaviour: larger differences in thein winter, night-time cases are removed and during daytime
morning and afternoon hours and values closer to zerdhe average MLH is growing, indicating that the statistics
around noon. The overestimation of Mk, is strongestin  are more dominated by convective days. For the other sea-
the morning and the late afternoon during these seasons. Theons the average diurnal course remains similar with slightly
largest differences occur in the late afternoon reaching avertarger differences between the two retrievals.
age and median values of 600 m which is in the order of the
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3.3 Mixing-layer characteristics troposphere and thus lift the region with the most significant
gradient.
The daily development of the ML can be characterized by Mean growth rates of MLiging are largest in summer
three parameters: the maximum height (Mkds), the time  with 50 % of the days showing values larger than 131thh
when this height is reached (h@u) and the rate at which  (Fig. 10). Growth rates in spring are larger than those in
the ML is growing in the morning hours (GR). As Mlgkl, autumn which is similar to the observed larger maxima in
is larger than MLHing in the morning and late afternoon, we spring compared to autumn. In winter, growth rates are in
can expect that there will be systematic differences in the MLgeneral smaller and often lie below 120 mth The distri-
characteristics from the two instruments. bution is during all seasons positively skewed with largest
For the determination of the daily maximum of MLH, both values around 390 nTH. The 1-year statistics derived by
data sets MLHeroand MLH,ing are smoothed with a 1-hour Baars et al(2008 andKorhonen et al(2014) are both also
gliding average to avoid outliers to be taken as the maximumskewed but show larger values (up to 600Thand also
The growth rate is determined similar Baars et al(2008 lesser values below 100 nth This might be related to the
andKorhonen et al(2014 as the slope of a linear fit to the fact that both studies are restricted to cases with no bound-
data between the first reported MLH after sunrise and theary layer clouds and thus higher insolation, higher convec-
time when 90 % of the maximum is reached. It is thus antive activity and thus less small growth rates. The fact that
average growth rate. they had to restrict their analysis to times when the MLH
As for the half-hourly averages, the largest maximum reaches the height with sufficient lidar overlap, i.e. 300 m,
MLHs are observed in summer and maxima are larger inmay also play a role: this restriction excludes the morning
spring than in autumn (Fig8 and Table3). Winter values  hours of slow MLH growth when the NBL is dissolved. The
are rather high which is again related to the stormy win- MLH sergbased growth rates are in general lower than those
ter with several days with shear-induced mixing. A com- of MLH ying With the median between 37 nth (spring and
parison with MLH,ing reveals a systematic overestimation autumn) and 58 mtt lower (see Tables). This behaviour
by the aerosol-based retrieval which is with 500 m largestcan be explained by the tendency of the aerosol-based re-
in summer, smaller in spring (200 m) and autumn (400 m)trieval to detect the top of, or layers within, the residual layer,
and negligible only in winter. Medians of the seasonal max-especially in the morning hours. This results in larger morn-
imum MLHgero are by about 300 m larger than those valuesing MLHs and thus in lower average growth rates.
from Baars et al(2008 for Leipzig, a central European site,
whereas MLHing agrees very well for spring and autumn 3.4 Connection of ML to clouds
and even the difference in summer is lower than the uncer-
tainty due to day-to-day variability. Values are also compa-Cumulus clouds are directly connected to the atmospheric
rable to those found bgranados-Mufioz et a(2012 at a  boundary layer as they are the convective plumes which be-
site in southern Spain. They are larger than those reported bgome visible due to condensation. To investigate this further
Chen et al(2001) for a city in Japan which is probably due to we compare here cloud bases as detected by the ceilometer
the more moist climate and thus a lower surface sensible heatith the MLH found by the two methods. We use the data
flux. As one could expect, they are lower than those found byset with cloud cover below 3 km lower than 4 octa. Although
Korhonen et al(2014) in South Africa at a lower latitude in  this does not fully guarantee that the observed clouds are cu-
a drier climate. mulus clouds, we regard it as a first attempt to restrict to this
The median of the time when the maximum Myl is cloud class.
reached is for all seasons, except winter, around 13:00 UTC Figure 11 shows a 2-D histogram of cloud base heights
i.e. 1.3hours after local noon (Fi§). The quartiles indi- (CBH) with the average MLHs from aerosol- and wind-based
cate that, except in winter, more than half of the cases areetrieval overlaid. Cloud bases are those reported every 15s
within £ 2 hours of this time while the time of maximum by the Vaisala ceilometer. The cloud base statistic is similar
MLH aero OCcurs in spring and summer by about 2.5 hoursto whatBriimmer et al(2012 found in a 7-year statistic from
later than that of MLKling. In winter, shear-induced mix- a site near Hamburg about 380 km to the northeast of JOYCE
ing leads to MLH maxima during night which are only de- under similar climatic conditions (Fig. 18 Brimmer et al.
tected by MLRing. Both results, the larger and the later max- 2012). A similar pattern can also be found in the Climate
imum of MLHaere can be explained by the incapability of Modeling Best Estimate data set derived from a continental
the aerosol-based retrieval to capture the termination of consite (CMBE, Fig. 3a irXie et al, 2010.
vection, i.e. when MLHgoShows a still growing ML, while In the presented study we can show that in spring and sum-
the vertical wind indicates no more mixing. Nevertheless, itmer CBHs are frequently at the same height as the average
remains unclear why MLk is growing although the ver-  MLH. They follow the diurnal course of the MLH from the
tical wind indicates no mixing connected to the surface. Amorning until afternoon. In autumn and winter this distinct
possible reason could be shear-induced mixing at the top o€onnection between MLH and CBH is not visible. Instead,
the residual layer which would dilute aerosol into the free in autumn there is a cluster of cloud occurrence around 1 km
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Table 4. Comparison of the capabilities of the MLH retrievals in different situations. AL, aerosol layer; ML, mixing layer; NBL, nocturnal
boundary layer; RL, residual layer.

Situation Ceilometer Wind lidar

Night —— detects ALs, NBL or top of RL +  intermittent turbulence?

Growing ML ° no gradient between ML and RL ++ clear difference between ML and RL
Fully developed ML ++  top of ML coincides with top of AL ++  strong turbulence over whole ML
Evening decay —  sticks to top of aerosol layer +  seesdecaying mixing

which might be related to dissolving stratus clouds. In win- ing, while in contrast the backscatter profile is only a proxy
ter highest frequencies for cloud bases are in the lowest fevior the mixing process.
hundred metres, which might be related to fog. A comparison with 141 MLHs from radiosonde profiles
The strong connection between MLH and CBH in spring showed better agreement with the wind-derived MLH than
and summer coincides with the general experience that théhe aerosol-derived MLH (Se@.3).
base of cumulus clouds is located always more or less at The uncertainty of the MLH retrieval from aerosol was
the top of the boundary layer but never significantly below estimated to be 5% by comparing MLHs from the Vaisala
and of course never above (see e.g. studies on shallow tradeT25K ceilometer with those from a more powerful Jenoptik
wind cumulus —Riehl et al, 1951 Augstein et al. 1974. CHM15K ceilometer (SecR.1.4. The MLH retrieval from
The mechanism can be described as follows: the ML growghe vertical wind is based on a threshold for the standard de-
until it reaches the cumulus condensation level (CCL) andviation o,, of the vertical wind. Although the choice of the
cumulus clouds form. Incident solar radiation at the surfacethreshold can be justified by the semi-theoretigglprofile
is reduced, convection becomes weaker and ML growth isof Lenschow et al(1980 by assuming an average convec-
reduced. Warming and drying of the ML lifts the CCL and tive velocity scalew,, itis somewhat arbitrary. An alternative
cloud cover is reduced. Incident solar radiation and thus coneould be to search for the height where thg profile falls
vection increases and again influences the cloud cover. Seselow a certain fraction of its maximum. This fraction could
eral studies used large eddy simulation (LES) to understandbe derived from e.g. theenschow et al(1980 profile (see
the role of the different fluxes in the mass and heat budget okquatiorB6), but from our experience especially the morning
the cumulus topped ABL (see eBrown et al, 2002. Oth- and late afternoon profiles deviate substantially from the the-
ers investigate mass flux schemes suitable for climate modelsretical profile (see also Se@.2.9. As a result this method
(e.g.Neggers et al2009). All these model studies show that is less robust than the threshold method and we could show
there is a strong coupling between CCL and MLH. that a large change of the threshold by 25 % changes the re-
As the determination of CBH is much simpler than the de- trieved MLH by only 15 % (Sec.2.2.
termination of MLH it could be used as a good proxy for The evaluation of the 1-year data shows that in general
MLH. Nevertheless, it is necessary to ensure that the obMLHs from both methods follow the typical evolution of
served clouds are convective, e.g. by investigating the surfaca convective growing mixing layer. However, the method
sensible heat flux{;. This could be done in a multi-sensor based on aerosol backscatter profiles typically overestimates
approach as proposed e.g. in the boundary layer classificahe MLH throughout the day, and especially cannot follow
tion by Harvey et al(2013, or in a simpler way by checking the mixing-layer evolution in the morning and late afternoon
in situations with sufficiently largéf;, whether MLHerolies hours (Sect3.2). This confirms earlier findings for aerosol-
close to CBH. based MLH retrieval of the growing ML in the morning (e.g.
Eresmaa et 12012 and its evening decay (e.graumner
et al, 2011). For the first time, the present study quantifies
4 Summary and conclusions the average error of an aerosol-based MLH retrieval on a
. half-hourly basis. It is lowest (of the order of 100 m) around
We analysed and compared 1 year of MLHs derived fromn,on and has distinct maxima in the morning (of the order of
(i) aerosol backscatter and (i) standard deviation of the ver—gq m) when the ML grows into the residual layer (RL) and

tical wind speed. To our knowledge this is the first long- i, the |ate afternoon (of the order of 600 m) when turbulence
term evaluation of vertical wind derived MLH. For (i) we decays.

used backscatter data from a Vaisala CT25K ceilometer and The reason for the morning overestimate is that during

the STRAT-2D algorithm with its core based on an edge de-+hjs time frequently no distinct backscatter gradient between
tection algorithm (Sec.1). For (ii) we used V(_art|cal_ Wlnq the growing ML and the RL above is present (situation B
speed data from a HALO Photonics streamline wind lidar, Fig. 4). An aerosol-based method finds either the top of

and a threshold algorithm (Se@.2). The basic idea is that  the aerosol layer, which coincides with the top of the RL, or
the vertical velocity is a direct measure of the turbulent mix-
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remaining aerosol layers within the RL. This also explainstematically larger MLHs from the ceilometer whereas the
why the morning overestimate is smaller than in the after-wind-derived MLHs agree very well. Nevertheless, differ-
noon. ences are smaller than day-to-day variability. Average MLH
In the late afternoon when turbulence decays, aerosol pargrowth rates are smaller than those reportedbgrs et al.
ticles still remain well mixed and no clearly detectable gradi- (2008 but this might be related to their retrieval: their data
ent at the top of the descending mixing-layer top can be idenset was restricted to cloud-free conditions and due to the
tified. Instead, any aerosol-based algorithm will continue tooverlap function of their lidar they had to restrict to MLHs
identify the top of the aerosol layer as MLH, which at this larger than 300 m. Both of these restrictions prefer situations
time of the day is already the top of the RL (situation C in with higher growth rates, making a comparison difficult. Be-
Fig. 4). side these retrieval-related differences it is unclear how large
Table 4 summarizes the performance of the two meth- the year-to-year variability of MLH characteristics is. Many
ods on days with convection and low cloud cover or clearparameters influence the MLH development. Water vapour
sky conditions. Our analysis indicates that retrieving MLH content and night-time cloud cover determine radiative cool-
with the backscatter-based method is more challenging thaing and thus how deep and how cold the NBL becomes and
with the vertical velocity-based method. Although a MLH how long it takes to dissolve the NBL. Cloud cover dur-
retrieval based on vertical wind seems at first sight simpleing daytime strongly modulates the incoming solar radiation
there are some principal restrictions to be mentioned. Duringand thus energy available for ML growth. More precipitation
night vertical movement is suppressed in the stably stratifiedneans higher soil moisture, a higher latent heat flux at the
NBL. Nevertheless, strong wind shear due to e.g. the noctursurface at the cost of the sensible heat flux, and thus less in-
nal low-level jet may lead to intermittent turbulence which tensive convection and lower MLHs. Another important pa-
is an occasional and locally constricted evevdr( de Wiel ~ rameter is the stratification of the free troposphere which lim-
et al, 2003. These events can cause effective mixing be-its growth rate and maximum height of the fully developed
tween layers, but might be missed with a vertically pointing mixing layer.
instrument which can see only events at its own location. As described bywhite et al.(2009, state-of-the-art dis-
Likewise, the late afternoon decay of the convective turbu-persion models could be significantly improved by provid-
lence is a transition to a more intermittent regime, i.e. plumesng measured MLH as input. Ceilometers are widespread,
which reach the top of the ML become less frequent. As ae.g. at airports, and can provide continuous MLH estimates
resulto,, decays only gradually with time and the exact mo- in networks Haij et al, 2007 Haeffelin et al, 2012. We
ment when the retrieval reports the breakdown of convectivecould show that aerosol-based MLH estimates suffer from
mixing depends strongly on the threshold. Due to the inter-systematical overestimation of the order of several hundred
mittent nature of the turbulence the standard deviation of vermetres, especially in the morning and late afternoon hours
tical wind speed fluctuates in time and the retrieved MLH when emissions from road traffic are largest. Concentrations
may jump between low and high values if the fluctuation is of surface emitted pollutants in the mixing layer scale di-
around the threshold. We also observed late afternoon casesctly with the height of the ML. Accordingly, this overes-
when active plumes were advected in the upper two-thirds otimation significantly alters predictions of concentrations to-
the ABL only, while the lower third was calm. The retrieval wards too low values.
then reported no MLH as no mixing between the surface and MLH detection based on aerosol backscatter and any gra-
the layers above occurred. However, these cases are rare adient method can provide reliable values only during noon
in general the decay af,, occurs similarly at all levels. In  hours when the convective boundary is fully developed, i.e.
summary it can be said that it is principally not possible to bounded by the clear air of the free troposphere, and as long
determine the exact moment of the end of convective mixingas convection is active. MLH retrieval from vertical-pointing
and a different,, threshold may shift the moment of detec- Doppler lidar as described here could be a valuable alterna-
tion. Nevertheless, a reduction of thg threshold by 25%is tive.
not sufficient to explain the difference between aerosol- and
wind-derived MLH.
The systematic overestimation of MLH by the aerosol-
based retrieval especially in the morning and afternoon
hours has its effects on derived seasonal average ML
characteristics: the aerosol-based MLH shows a maximum
(+200,...,4500m) higher than that from the wind. It is
reached on average 2.5h later in the afternoon and aver-
age growth rates are smaller when compared with the wind-
derived MLH. A comparison of the seasonal MLH maxima
with those found byBaars et al.(200§ in Leipzig, cen-
tral Europe, under similar climatic conditions, reveals sys-
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Appendix A: Comparing ceilometers Appendix B: The Lenschow profile

The key parameters to describe a lidar are wavelengém- Lenschow et al(1980 derived a universal profile fos,,

ergy per pulseEg, number of pulses averaged to one pro- based on a handful of airplane measurements and scaling
file Np, opening area of the receiving telescope (aperf)re  considerations. Scaling parameter for height should be the
range gate lengthr) and beam diameter)). The receiver  height of the convective mixing layér Velocity should scale

is usually an avalanche photodiode (APD, the semiconducwith the convective velocity scale proposed bgardorff

tor equivalent to a photomultiplier) which in principle counts (1970. Close to the surface the height dependence should
single photons. Thus the number of typically sent and re-be of the form(z/ )1/3, at the surface,, should be zero and
ceived photons is a good measure to compare two instruthe profile should have a maximum in the lower half of the

ments. convective mixing layer leading to the following form:
The number of emitted photomé is the energy per pulse
Ep divided by the energy per photdfy which depends on 0w = Wy -c1-¢" - (1 —c2- O (B1)

wavelengthy (Planck’s relation)Eq =5 - ¢/A, with Planck’s . . ) .. .
constant: and speed of light, and thusNo=Ep-1/(h-¢). ~ With £=2/h the height scaled with mixing-layer height
For the average profileym=No - Np photons are emitted. 2nd parameters =+ 1.8=1.34c,=0.8,v=zandu=1. At

Comparing two instrumentd and B the relation between € top of the ML, at =1, the profile does not become zero

the emitted photons is —Itis
Nma  Epa - Aa - Npa Outop = Wy - ¢1 - (1 — c2)* = 0.268- w,. (B2)
= . (A1)
Nme  Epg-4g - Nes The derivative with respect tpis
The number of backscattered photavig depends on the
wavelength and the type of aerosol. The wavelength depen@ =0y (B ___“ ) (B3)
dence can be estimated by a power laVig~ A~"mie with e ¢ l—-c2¢

Angstrom exponeninyie Which is for continental aerosol typ-
ically of the order of 1..., 1.8. The number also depends on
the number of scattering particles and thus on size of the vol-
ume, i.e. range gate lengthr, and square of the beam di-
ameterD, i.e. Ng ~ Ar - D?. Finally, only those photons that o
reach the telescope have a chance to be counted by the APDNe Valueoumax at this height is
thus it must be proportional to the apertur® (We thus get
for the received photons:

At the maximum the derivative is zero, leading to

= 0312 (B4)

M o (w+ V)

Oymax = Wx - C1- é-r]aax' A—c2- §max)“ = 0.682. w,. (BS)

3 1vmie ' 92 The value at ML top can be expressed relative to the value of
Nea _ Epa-Aa Nea - Ara - Dy (A2)  the maximum:

N - Epp - kjé_Vmie - Npg - Arpg - Dé.

Of course this estimate does not take into account the furthe?

pathway within the instrument, i.e. transmittance of the op-

tics, bandwidth of the filters, sensitivity and dynamic range The profile can also be utilized to estimate the depen-

of the receiver, etc. dence of the MLH estimate from the threshold. Using
We operate two ceilometers at JOYCE: a Vaisala CT25K 5 o =~ 422 4 at mixing-layer top ¢ =1) the relative

and a Jenoptik CHM15k with parameters depicted in Table change of determined MLH with a relative change of thresh-

Although the Jenoptik emits nearly ten times more photons0ld outs becomes

the number of potentially received photons per range gate is

only 4.4 times larger than for the Vaisala. The main loss is AMLH = ! 5 Auts = —0.273- AL“”S. (B7)

due to the shorter range gate length. As the Jenoptik showsMEH V= 1-g Outs Tuts

in general a much better sensitivity and less noise, it can bel'hat

concluded that the receiver is better.

1 l-c .
von = (o) = 0393 oumax (B)

Cmax \1—c2 - {max

means that with an increase (decrease) of
owts=0.4ms?t by 0.1ms?! (i.e. 25%) the detected
MLH decreases (increases) by 7 %.
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