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1 Abstract: Mixing layer height (MLH) is a crucial parameter for air quality modelling that is still not
= routinely measured. Common methods for MLH determination use atmospheric profiles recorded by
s radiosonde but they suffer from course temporal resolution since balloon launching is only twice a
« day. Recently cheap ceilometers are gaining popularity in the retrieval of MLH diurnal evolution
s based on aerosol profiles. This study presents a comparison of a proprietary (Jenoptik) and a free
s available (STRAT) algorithms to retrieve MLH diurnal cycle. The comparison is accomplished in
»  summer season over urban area and radiosonde data is used to estimate MLHs according to parcel,
¢ lapse rate, and Richardson methods (the last algorithm is used as a reference in the study) in addition.
s It was found that STRAT and Jenoptik give lower MLH than radiosonde with an underestimation
1o of about 150m and 650m respectively. Additionally, STRAT showed reasonable performance in
1 tracking of MLH diurnal evolution. Daily MLH maximum of about 2000m was found in the late
1z afternoon (18-19 LT). In contrast, Jenoptik algorithm showed more weaknesses, mainly attributed to
1z its real-time operation and independent processing of a single profile. At night and during morning
1« transition period, both lidar-based methods showed difficulties as MLH was often in the ceilometer’s
s incomplete overlapping zone so residual or advected aerosol layers aloft were misleadingly reported
e as mixing layer (ML).

1z Keywords: mixing layer, urban area, ceilometer, radiosonde

1= PACS: 01.30.-y, 01.30.Ww, 01.30.Xx

s 1. Introduction

=

20 Air quality impact on human health is an actual problem especially in densely populated areas.
a1 Hence, a lot of effort are being made to better understand the processes controlling pollution levels,
22 especially in numerical modelling. Key input parameters of these models are meteorological variables,
= as they are needed to be known in calculating of production, diffusion, transport and scavenging of
2a atmospheric pollutants. These harmful substances are dispersed vertically within the ML due to its
2 inherent turbulence. According to Seibert et al. [1], ML is "...the layer adjacent to the ground over
2 which pollutants or any constituents emitted within this layer or entrained into it become vertically
=z dispersed by convection or mechanical turbulence within a time scale of about an hour". Obviously,
22 near ground pollution levels will depend on the MLH since it constrains the dispersion volume, so
20 the MLH is crucially important to be known especially at urban areas where pollution sources and
3o inhabitants are much more [2-9]. Moreover, urban MLH can be characterized by enormous temporal
a1 and spatial variability due to inhomogeneity in surface roughness and heating in the cities. Therefore it
sz  is worth to be continuously monitored and also compared with parametrizations in numerical weather
ss and/or pollution prediction models [10-12].

34 Despite its importance, MLH is not a part of routine measurements. Besides, as it is associated
s with spatial distribution of the turbulence we need “a turbulence profiler” to determine it. Doppler
ss lidars [13] and sodars [14,15] might serve as such profilers but the first are quite expensive and the
sz second have limited vertical range. However, vertical profiles of non-reactive scalar meteorological
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ss variables should be nearly constant with height within well mixed boundary layer [16] so we might
3o detect the MLH by looking for abrupt change in uniformly distributed profiles of these tracers [17,18].
40 Regardless of the wide variety of remote sensing methods, the most utilized instrument for MLH
a1 detection is the radiosonde and it is still used as a reference. The deriving of the MLH from temperature,
a2 humidity and wind profiles recorded during the radiosonde flight dates back to 1960s [19], but these
«3  radiosonde-based methods are still used individually [20] or for validating the retrieved by different
« remote sensing instruments MLHs [21]. However, the radiosonde also has some drawbacks as it
«s measures atmospheric properties along its flight, which is not vertical, but slant due to horizontal wind.
s Therefore, the radiosonde profiles do not coincide with rising thermals or vertical profiles derived
a7 from the remote sensing instruments. Additionally, the radiosondes main limitation is their coarse
s temporal resolution since they are usually launched not more than twice a day.

a9 The necessity of MLH continuous monitoring can be met by operating of ground based remote
so  sensing instruments. A comprehensive review of existing techniques for MLH determination through
51 ground-based remote sensing instruments with their advantages and limitations can be found in
s= Wiegner et al. and Emeis et al. [22,23]. It is worth to remark that individual disadvantages of
ss each instrument in MLH diurnal cycle determination can be overcome if apparatuses are used in
s« combination [24]. In the last years laser-based remote sensing instruments, especially ceilometers
ss become more affordable and widely used in the field of atmospheric research in particular in MLH
ss determination [25-32]. Different lidar-based methods for retrieving of the MLH from range corrected
sz signal are summarized in Haeffelin et al. [33]. These methods are the basis of many proprietary
ss  [34,35] and in-house [36-39] algorithms explicitly designed for MLH retrieving from ceilometer’s data.
ss Possible performance improvement of these lidar-based techniques might be achieved by monitoring
eo of diurnal variations in Radon-222 [40] or it can be used for MLH evaluation individually [41].

o1 The objectives of the present study are to evaluate ceilometer’s MLH detection performance in
ez urban area by comparison of a proprietary and a popular free available algorithm. Both methods are
es assessed against retrieved MLHs from radiosonde profiles as a reference. Structure and evolution of
e« the mixing layer over Sofia in summer are also discussed.

o5 The paper is organized as follow: details about the data and methods are in section 2; results and
es discussions are in section 3; article ends with summary of findings.

ez 2. Data and Methodology

o8 Sofia is the largest and the most densely populated city in Bulgaria. The city is located in a valley
es that is almost fully encircled by mountains so the micro- and meso-scale processes as well as the ML
70 dynamics are heavily influenced by both complex orography and urban territory. To perform our
= analysis of urban MLH we used 3 month of intensive measurements, from June 1 until August 31, 2015.
=2 The data used in this study are obtained from a continuously operating ceilometer Jenoptik CHM 15k,
»s and a balloon sounding launched on a daily basis at 12:00 UTC (14:00 LT).

74 The CHM15k is operated by the Department of Meteorology and Geophysics, Sofia University.
s The ceilometer is situated in the city centre on the territory of the University Astronomical Observatory
76 in park "Borisova gradina" (Figure 1). The CHM15k is an eye-safe biaxial lidar system equipped with
77z Nd :YAG solid-state near-infrared laser operating at 1064nm. It emits pulses with energy 8uJ and
7e repetition frequency 5-7kHz. Measuring range of the ceilometer is 30-15000m with 15m resolution,
7o temporal resolution is set to 60s, further details about the instrument can be found in [42].

80 The MLH is retrieved from ceilometer profiles by supposing that aerosol concentration is rapidly
e adapted to thermal stratification of the ML and aerosol loading above the city is not dominated by
s2 advection. Manufacturer’s software includes proprietary algorithms for automatically deriving of the
es  MLH every minute (software version 1.56) [43]. A free available Structure of the Atmosphere (STRAT)
e« algorithm [37] which is designed for retrieving of aerosols vertical profiles in atmospheric boundary
es layer and free troposphere is used for comparison. In contrast to the Jenoptik algorithm that is based
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ss on vertical gradient of backscatter signal in a single profile, STRAT utilizes both horizontal and vertical
ez gradients by using Sobel 2-D derivation operators [33].
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Figure 1. The locations of the ceilometer and the radiosonde indicated by a blue and a purple triangles
in the Sofia valley.

85 The atmospheric sounding system is Vaisala’s MW41 that is located in the Central Aerological
s Observatory on the territory of the National Institute of Meteorology and Hydrology, which is about
oo 4.4 km south-east from the ceilometer (Figure 1). In this study low resolution radiosonde data are used,
o1 free available at Integrated Global Radiosonde Archive (IGRA) [44]. Archived radiosonde data are
o2 consisted of atmospheric parameters recorded at mandatory and significant levels which were used to
o3 restore the atmospheric profiles by linear interpolation.

o4 Following de Haij et al. [45] three different MLH detecting algorithms are applied to the
os radiosonde data. Bulk Richardson (Ri) method is based on the Richardson number which is the
o6 ratio of thermally and mechanically driven turbulence. According to the method MLH is the level
oz where the bulk Richardson number exceed predefined threshold value [46-48]. Here commonly
e recommended value of 0.21 is used. It is also worth to note that the Ri method is suitable for both
e convective and stable conditions. In contrast, the parcel method [19,49] provides reliable results
10 only for unstable convective boundary layer since method neglects wind shear effects on vertical
101 mixing. MLH in this method is determined by extending dry adiabatically surface temperature to its
102 intersection point with temperature profile. The last method for MLH determination from radiosonde
103 data is the lapse rate method [50]. It is based on threshold values of vertical gradients of potential
10s temperature (f) and relative humidity (RH), adhering to de Haij et al. [45] negative gradient of RH
s and gradient of 8 >2K/km are used as basis in this work. As the selected critical value of potential
10s temperature gradient is more or less subjectively chosen, performance of lapse rate values 0.5, 1, 1.5,
w7 2.5,3,3.5, and 4K /km is also tested.

108 As main synoptic-scale systems are associated with suppressing or stimulating of parcel ascending
109 it is interesting to verify their role to mixing layer height [51]. Therefore, the difference of surface layer
1o atmospheric pressure (atm.press) and its smoothed value (obtained by low pass filter with cutoff 6
w1 days) is standardized and atmospheric pressure is classified as "Low" if the standardized difference is
12 smaller than 0.5, "High" for higher than 0.5 and if the standardized values are in between atmospheric
us pressure is marked as "Normal'".
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us 3. Results and Discussions
us  3.1. Intercomparison of Radiosonde-based MLH Retrieving Methods
116 The three aforementioned radiosonde-based algorithms for MLH estimation are firstly compared

uz against one another on Figure 2. The perfect correlation between Richardson and parcel methods
us indicates that in summer at 14:00 LT (12:00 UTC) urban mixing layer in Sofia is dominated by thermally
ue driven turbulence. It is a fairly expected result since the studied period is summer and radiosonde
120 launching is in early afternoon. It is also evident that higher MLH values are related to prevailing low
121 atmospheric pressure, but if atmospheric pressure is marked as normal or high MLHs are on average
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Figure 2. Intercomparison of the three radiosonde-based MLH methods. The correlation matrix
(a) shows correlation coefficients in upper-right triangle, the diagonal shows histogram of each
method, lower-left triangle is filled with scatterplots and linear regression lines with corresponding
95% confidence intervals. The box and whiskers plot (in the style of Tukey) is on the plot (b). The
boxes hinges correspond to the 25, 50 and 75 percentiles. The lower and upper whiskers represent the
lowest values still within 1.5 IQR (inter-quantile range) of the lower quartile, and the highest values
still within 1.5 IQR of the upper quartile Data beyond the end of the whiskers are marked as outliers
and plotted as black dots. White dots indicate mean values. In both figures, atmospheric pressure is
color-coded as "High" - blue, "Low" — yellow, "Normal" - green

123 Obviously, lapse rate method shows a worse agreement with Richardson and parcel ones,
124 especially if atmospheric pressure is high. Therefore, it is tested how threshold value of vertical
125 gradient of 6 influences concurrence with other two approaches. It is found that lapse rate values 1, 1.5
126 and 2K/km perform similarly and Pearson correlation coefficients with respect to Ri method are about
12z 0.89. However, correlation diminishes if smaller or higher threshold values are preferred. It is also
122 worth to mention that negative vertical gradient of relative humidity is not varied as it agrees with
120 mixing layer conception since earth’s surface is water vapour source and free atmosphere is low in
130 humidity. Based on Richardson and parcel methods consistency and taking into account that the first
131 one incorporates both mechanical and bouncy production of turbulent mixing Ri method is used as
132 a reference in the following analysis. Performance of parcel and lapse rate method based on above
133 mention set of critical values against Richardson method is evaluated and summarised in Table 1.
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Table 1. Skill scores (MD — mean deviation; RMSD - root-mean-square deviation, r — Pearson correlation
coefficient, slope —linear regression slope, intercept — linear regression intercept ) of parcel and lapse
rate methods against Richardson as a reference in MLH determination

method MD RMSD r slope intercept
parcel 1 37 1.00  0.99 11
lapse rate 0.5K/km  -215 396 0.85 0.82 520
lapse rate 1.0K/km  -200 351 0.89 0.88 402
lapse rate 1.5K/km  -194 342 089 0.89 388
lapse rate 2.0K/km  -153 330 0.89 0.85 417
lapse rate 2.5K/km  -87 403 0.81 075 554
lapse rate 3.0K/km  -40 431 078 070 601
lapse rate 3.5K/km 39 493 0.75 0.6l 719
lapse rate 4.0K/km 106 543 073 057 773

13a 3.2, Intercomparison of MLHs Derived from Ceilometer and Radiosonde data

135 MLHs retrieved from radiosonde data are often treated as referent since they are based on
136 thermodynamic structure of lowest atmosphere that directly reflects changes in surface forcing.
13z However routine balloon launching is only twice a day so it does not allow MLH diurnal evolution to
13¢ be tracked. Cheap ceilometers that provide backscatter power profiles are tempting alternative as they
130 Operate continuously.

140 In order to evaluate overall performance of ceilometer-based methods in MLH determination the
11 retrieved values are compared against estimated by Richardson method from radiosonde data. As the
12 radiosonde is launched once a day at 12:00 UTC (14:00 LT), retrieved from ceilometer MLHs within
13 timespan of 20 minutes are averaged and used in the comparison. The left and right panels of Figure 3
1as  show a correlation matrix and box and whiskers plots of MLHs determined by STRAT, Jenoptik and Ri
s methods at different atmospheric pressure. It is evident that both ceilometer based algorithms tend
16 to underestimate MLH compered to radiosonde (Richardson). Surprisingly, the already established
1z tendency the radiosonde to report higher MLH at low pressure is not observed in ceilometer-derived
s values. This might be a result of the ceilometer’s difficulties in detecting MLH in cloudy and rainy
140 weather, which can occur at low atmospheric pressure systems.
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Figure 3. A correlation matrix (a) and Tukey’s box and whiskers plot (b) of radiosonde- (Richardson)
and lidar-based (STRAT and Jenoptik) algorithms for MLH detection. Conventions are the same as in
Figure 2.

150 Skill scores of lidar-based algorithms against Ri method are listed in Table 2. It can be seen that
151 average underestimation of MLH by STRAT and Jenoptik is 150m and 650m respectively. Obviously
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12 estimated by STRAT values of MLH are reasonably comparable with those retrieved from radiosonde
153 profiles but Jenoptik’s performance is quite unpromising and needs further clarification.

Table 2. Skill scores (MD — mean deviation; RMSD — root-mean-square deviation, r — Pearson correlation
coefficient, slope -linear regression slope, intercept — linear regression intercept ) of aerosol-based
algorithms (Jenoptik and STRAT) against Richardson method as a reference in MLH determination

method MD RMSD r slope intercept

Jenoptik  -665 1086 0.08 0.0.7 970
STRAT -162 467 075 045 701

s 3.3. Diurnal Evolution of MLH Determined by Ceilometer — A Case Study

185 In order to elucidate abovementioned ceilometer’s capacity to track the MLH diurnal cycle a case
16 study is first considered. In Figure 4 diurnal evolution of range-corrected ceilometer signal on July 24
157 is presented along with MLH determined according to STRAT and Jenoptik algorithms, radiosonde
1ss  derived MLH by Richardson method is also plotted for comparison.
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Figure 4. Time-height cross section of range-corrected ceilometer backscatter power(in arbitrary units)
on 24 July 2015. The MLH retrieved from ceilometer’s data by Jenoptik and STRAT algorithms are
marked by magenta and red dots, respectively. Radiosonde-based MLH according to Ri method is
presented by a black dot.

150 Obviously, range corrected ceilometer’s signal reveals some characteristic features in MLH diurnal
10 evolution. Backscatter signal within first 500-700m is high in the wee hours of the night that might be
101 associated with mechanically mixed aerosols within nocturnal boundary layer. Above that layer, there
12 is a zone with decreased signal that is capped by a high backscatter layer, which most likely outlines
163 aerosol burden air in residual layer, or it is a result of advection at that elevation. Ceilometer’s signal
1es  also depicts daytime evolution of MLH with its typical growing due to solar heating of the surface.
1es  After sunrise thermals start forming and rising as result of positive buoyancy. These updrafts produce
166 turbulent mixing so the diminished vertical backscatter within ML in the afternoon is due to increased
167 volume for aerosol dispersion. Enhanced signal close to ML top in the afternoon might be attributed to
1es hygroscopic grow of aerosols due to increased relative humidity. Obviously, MLH reach its maximum
160 (~2250m) at ~16:00 LT and it is almost constant until ~19:00 LT. In the evening solar elevation angle
170 starts decreasing and sun sets, resulting in cutting of energy source for thermally driven turbulence,
i1 new nocturnal layer starts forming and air aloft associated with new residual layer becomes decoupled
12 from mechanical source of turbulence on the ground. As can be seen MLH determined by Ri method
173 is ~1940m that corresponds certainly well on aerosol distribution depicted by ceilometer backscatter
17a  signal at the moment of balloon launching (at 13:30 LT that day).
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175 It is also noticeable that STRAT algorithm represents diurnal evolution of MLH plausibly.
1ze However, in the time interval from sunrise (6:09 LT) to approximately 10:30 LT which correspond to
177 morning transition period STRAT misleadingly reports a backscatters gradient aloft (associated with
17e  residual layer) as a MLH instead of closest to the ground one. Similar behaviour is found in all days and
e it seems to be a result of layer attribution technique implemented in STRAT. According to Haeffelin et
10 al. [33] the algorithm reports the strongest, the second strongest and the lowest gradients in backscatter
i1 then depending on local time it constructs diurnal evolution of its “best estimate” (used here as MLH)
12 as the lowest gradient at night and the strongest during the day. Thus, the STRAT reports abrupt
13 changes in MLH around sunrise and sunset instead of smooth transition from nocturnal to convective
1es  boundary layer and vice versa. Possible improvement of layers attribution and representation of MLH
1es  diurnal evolution can be achieved by incorporation of some statistical analysis [52] or graph theory
16 [53].

167 It can be seen that consistency of MLHs reported by Jenoptik algorithm with observed aerosol
1ee  vertical distribution and temporal evolution is worse than STRAT. The performance of Jenoptik method
1s  during the daytime is much poorer and it hardly represents MLH evolution. Obviously, Jenoptik
10 significantly underestimates ML heights in early afternoon when MLH is much higher and still
11 growing. That worse performance of Jenoptik method is supposed to be a result of algorithm operation
102 because it provides real-time information about MLH retrieved from single profile in contrast to STRAT
103 that exploits daylong data.

108 Evidently, both ceilometer-based methods have trouble with backscatter gradient detection and
105 layer attribution from ~13:00 LT to ~15:00 LT when reported MLHs are only few. That period is
s characterized by reduced backscatter since aerosol concentration is diminished due to ML growing in
17 combination with high solar elevation angle. These factors can result in reduced signal to noise ratio
e (due to enhanced background radiation and decreased backscatter signal) and thus MLH becomes
100 more difficult to be detected.

200 3.4. Diurnal Evolution of MLH Determined by Ceilometer — A Statisitcal Analysis

201 The aforementioned features of both lidar-based techniques are also visible if all data for MLH
202 daytime progress are summarised and presented as a boxplot (Figure 5).
203 Evidently, STRAT outperforms Jenoptik in tracking of expected MLH diurnal evolution. An

20 average MLH at night in summer is surprisingly high - about 1000m. As was already underlined, at
20s night MLH detection by ceilometer is tough due to difficulties with layer attribution and frequent
206 reporting of the residual layer aloft as MLH, therefore true values should be much lower. The daily
207 maximum of MLH (often more than 2000m) is registered in the late afternoon (~18:00 LT), few hours
20e  before sunset and more importantly during most intensive car traffic, which can help against excessive
200 concentrations of air pollution. It is worth noting large number of outliers in the retrieved MLHs by
20 Jenoptik algorithm, most of them are related to high aerosol layers due to advection or residual layers
2 at night.
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Figure 5. Diurnal cycle of the MLH over Sofia determined by STRAT (red) and Jenoptik (magenta)

algorithms as a box and whiskers plot (in Tukey’s style) at "High", "Low" and "Normal" atmospheric
pressure in summer of 2015

212 4. Conclusions

213 In this paper, three summer months of MLHs derived by different algorithms from radiosonde
214 and ceilometer data were analyzed and compared. It was shown that Richardson and parcel methods
a5 give same MLHs indicating that ML is mainly thermally driven. Lapse rate method underestimate
zs - MLH than both aforementioned techniques especially at high atmospheric pressure systems. It was
217 also found that threshold values for potential temperature higher than 2K/km or smaller than 1K/km
21s  deteriorate the agreement of lapse rate with Richardson and parcel methods. Based on performed
210 comparison, it was shown that ceilometer derived aerosol profiles could provide reliable information
220 for MLH tracing in urban area. It was also found that provided by Jenoptik algorithm has some
= difficulties due to its real time operation on single profile which does not exploit previously collected
222 data. Contrary, STRAT showed passable agreement with retrieved by Richardson method MLHs.
223 The observed differences between lidar- and radiosonde-based MLH are due in part to the distance
22  between the two instruments locations and partly to the different tracers used in each algorithm.
225 The main problems of lidar-based techniques were identified as layer attribution, especially at night
226 and in transition periods when aerosol layers aloft were misleadingly chosen by algorithms. It was
227 underlined that uncomplete overlapping of ceilometer hampers detection of low MLH at night. Based
22¢  on the performed statistical analysis it was shown that STRAT algorithm reconstructs expected MLH
220 increase in the morning until afternoon with daily maximum in the late afternoon. On the other hand,
230 the Jenoptic method showed some difficulties with tracking of MLH diurnal evolution and sometimes
2 reported too high values.
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