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ARTICLE INFO ABSTRACT

Keywords: The Planetary Boundary Layer (PBL) is an important part of the atmosphere that is relevant in different atmo-
Planetary boundary layer spheric fields like pollutant dispersion, and weather forecasting. In this study, we analyze four and five-year
Ceilometer

datasets of measurements gathered with a ceilometer and a microwave radiometer to study the PBL structure
respectively, in the mid-latitude urban area of Granada (Spain). The methodologies applied for the PBL Height
(PBLH) detection (gradient method for ceilometer and the combination of parcel method and temperature
gradient method for microwave radiometer) provided a description in agreement with the literature about the
PBL structure under simple scenarios. Then, the PBLH behavior is characterized by a statistical study of the
convective and stable situations, so that the PBLH was obtained from microwave radiometer measurements. The
analysis of the PBLH statistical study shows some agreement with other PBLH studies such as daily pattern and
yearly cycle, and the discrepancies were explained in terms of distinct latitudes, topography and climate con-
ditions. Finally, it was performed a joint long-term analysis of the residual layer (RL) provided by ceilometer and
the stable and convective layer heights determined by microwave radiometer, offering a complete picture of the
PBL evolution by synergetic combination of remote sensing techniques. The PBL behavior has been used for
explaining the daily cycle of Black Carbon (BC) concentration, used as tracer of the pollutants emissions asso-
ciated to traffic.

Microwave radiometer
Remote sensing

1. Introduction in a stably stratified boundary layer called residual layer (RL) that

contains features from the M, (or ML) of the previous day. Si-

The planetary boundary layer (PBL) is traditionally defined as the
“part of the troposphere that is directly influenced by the presence of the
Earth’s surface, and responds to surface forcings with a time scale of about
an hour or less” (Stull, 1988). Under an ideal scenario, shortly after
sunrise the positive net radiative flux (R,) causes the rising of ground
surface temperature. Consequently, air masses located at low heights
get warmer and favor convective processes, which lead to air lifting and
consequent heating of atmospheric layers at a certain altitude over the
surface inside the troposphere. The new layer generated by this me-
chanism is known as convective boundary layer (CBL) or mixing layer
(MingL). After sometime this layer might get completely well-mixed and
it is known as mixed layer (M,4L). Close to sunset, the CBL is converted

multaneously, a thermal inversion appears close to surface and the
stable region extending from surface to the thermal inversion is usually
named stable boundary layer (SBL). The height of PBL (PBLH) is an
important parameter that characterizes the PBL structure and provides
information on the vertical extent of mixing within this layer as well as
the vertical dispersion and convective transport. The PBLH is a key
factor for a wide set of studies, such as air quality, pollutant dispersion,
weather forecasting and meteorological modeling (e.g. Chen et al.,
2011). However, it is not possible to obtain this variable in a straight-
forward way, being necessary to infer it from radiosonde data, remote
sensing systems or meteorological models. In this sense, in the last
decades a great effort has been made to develop other methods for
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inferring PBLH with high temporal and spatial resolution from remote
sensing systems such as lidar and ceilometer (e.g. Bianco et al., 2005;
Eresmaa et al., 2006; He et al., 2006; Miinkel et al., 2007; Di Giuseppe
et al., 2012; Granados-Munoz et al., 2012; Di Giuseppe et al., 2012;
Haman et al., 2012; Pal et al., 2013; Coen et al., 2014; Korhonen et al.,
2014; Ketterer et al., 2014; Lotteraner and Martin, 2016; Zhu et al.,
2016; Uzan et al., 2016; Avolio et al., 2017; Caicedo et al., 2017; de
Arruda Moreira et al., 2018; Zhu et al., 2018a; Zhu et al., 2018b; de
Arruda Moreira et al., 2019), because their high temporal and spatial
resolution enable a better comprehension on the daily cycle of PBL.

Ceilometers provide the PBLH from vertical aerosol profiles based
on the Deadorff’s definition of ML (or ML), which is the “height
where there are equal areas of clear air above and particulates below”
(Deardorff et al., 1980). Therefore, the PBLH “is taken to be the midpoint
of the transition region between the areas of higher and lower back-
scattering”, i.e. the top of aerosol layer. Thus, when PBL is fully devel-
oped the height of CBL (CBLHcgijomerer) is detected; otherwise the RL
height (RLceitometer) is observed. Although ceilometers and aerosol lidars
have similar operating principles, ceilometers have some advantages,
such as relatively continuous operations and low-maintenance, eye-safe
and comparatively low price, which compensates the disadvantages of
lower maximum range and relatively low signal-to-noise ratio (SNR).
These facts justify their increasing use in studies related to PBLH(e.g.
Eresmaa et al., 2006; Miinkel et al., 2007; Di Giuseppe et al., 2012;
Ketterer et al., 2014; Lotteraner and Martin, 2016; Zhu et al., 2016;
Uzan et al., 2016; Avolio et al., 2017; Caicedo et al., 2017; Zhu et al.,
2018a; Zhu et al., 2018b).

While most of remote sensing systems have their data acquisition
affected by rain and cloud covers, the Microwave Radiometers (MWR)
measurements are not influenced by these factors (Kim and Lee, 2015).
This behavior allows continuous (24/7) and autonomous operation
with a high data recovery rate, making the MWR as an important tool
for PBL characterization by determining liquid water path (van Baelen
et al., 2005), brightness temperature (Cimini et al., 2013), atmospheric
stability and nowecasting convective weather (Cimini et al., 2015).
Bedoya-Velasquez et al. (2019) performed a validation of MWR data
comparing them with 5 years of radiosonde data at Granada-Spain.
Such analysis demonstrated as MWR profiles of temperature and hu-
midity are reliable. Zhao et al. (2019) also confirmed the reliability of
MWR data, mainly at the lower troposphere (< 2000 m), comparing
them with radiosonde data. MWR also have been used in synergy with
other remote sensing instruments (e.g. Bianco et al., 2005; Navas-
Guzman et al., 2014), and their estimates of PBLH (PBLHpyg) daily
pattern have been compared with those provided by other remote
sensing systems, such as elastic (e.g.Granados-Munoz et al., 2012;
Bravo-aranda et al., 2017) and Doppler lidar (de Arruda Moreira et al.,
2018), so that, in convective situations, a high concordance can be
observed among them. In addition, MWR has null overlap and it does
not use aerosols as tracer, what enables to detect the SBL. On the other
hand, MWR has as disadvantage a lower vertical resolution in com-
parison with lidar systems and ceilometers.

Remote sensing systems have been mainly applied to study the PBL
in periods between several months and one year (e.g. He et al., 2006;
Granados-Munoz et al., 2012; Di Giuseppe et al., 2012; Haman et al.,
2012; Pal et al., 2013; Korhonen et al., 2014; Schween et al., 2014).
Only few of them use multi-year data (Coen et al.,, 2014; Pal and
Haeffelin, 2015; Zhu et al., 2018a; Zhu et al., 2018b), allowing a better
comprehension about seasonality, interannual variability and how
some variables can influence the PBLH. However, due to technical
limitations of each instrument (ceilometer incomplete overlap, signal to
noise ratio and spatial resolution, among others), some phenomena
such as the evolution from CBL towards the combination of the SBL and
RL close to sunset or, for example, or the rising of the CBL until
breaking the RL along the morning, cannot be properly detected. In
contrast, the synergistic use of remote sensing systems can provide
complementary information and enable a more detailed observation of
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PBL.

In this regard, this work presents a statistical analysis of the PBL
obtained from 4 and 5 year database of ceilometer and MWR mea-
surements, respectively, performed at Granada (Spain). Our synergic
analyses have in mind that the PBLH retrievals by these two different
instruments are based on the use of different observed quantities
(aerosol backscatter and temperature vertical profiles) which offer
complementary picture of the PBL structure, due to distinct PBLH de-
finition applied to each one.

The PBL structure affect the concentrations of the different air
pollutants at surface level. Among different atmospheric pollutants,
Black Carbon (BC) has become a matter of concern during the past
years due to its adverse human health effects, being a primary product
of incomplete combustion of carbonaceous fuels, normally originated
from diesel engines in urban areas (e.g. Hamilton and Mansfield, 1991;
Pakkanen et al., 2000; Titos et al., 2017). BC is a more consistent tracer
than ultrafine particles (UFP) to analyse the links between PBL and air
pollution at an urban site, since BC is a passive atmospheric component
that undergoes less transformation in the atmosphere. Recently, Petdja
et al. (2016) and Ding Ding et al. (2016) showed that high BC con-
centrations result in low boundary layer height which lead to elevated
aerosol concentrations and significantly degraded air quality. However,
the relationship between BC concentration and PBL is still ambiguous
and more studies in different areas are needed to better understand the
links between BC and PBL. Thus, in this study we also analyzed the BC
concentration and its link to PBL behavior at Granada.

This paper is organized as follows. Description of the experimental
site and the equipment setup are presented in Section 2. The meth-
odologies applied are introduced in Section 3. A long-term analysis is
carried out in Section 4. Conclusions are given in Section 5.

2. Experimental site and instrumentation

The measurement campaign was carried out at the Andalusian
Institute of Earth System Research (IISTA-CEAMA). This station is part
of European Aerosol Research Lidar Network - EARLINET (Papalardo
et al., 2014) since 2004 and at present is an active station of ACTRIS
(http://actris2.nilu.no/). This station is located at Granada, a medium
sized (population of around 238 000 inhabitants over an area of 88
km?) non-industrialized city in the Southeastern Spain at about 50 km
away from the Mediterranean coast (Granada, 37.16°N, 3.61°W, 680 m
a.s.l.) (INE - Instituto Nacional de Estadistica, 2018). Granada is sur-
rounded by mountains and dominated by Mediterranean-continental
conditions, which are responsible for large seasonal temperature dif-
ferences, providing cool winters and hot summers. The most humid
period goes from late autumn to early spring. The rest of the year is
characterized by rain scarcity. It is worthy to note that the Southeastern
Spain is usually affected by mineral dust outbreaks from the Saharan
Desert (North Africa) (e.g. Lyamani et al., 2006a, 2006b; Guerrero-
Rascado et al., 2008a, Guerrero-Rascado et al., 2008b; Granados-Munoz
et al., 2012; Cérdoba-Jabonero et al., 2011; Titos et al., 2012; Navas-
Guzmén et al.,, 2013; Valenzuela et al., 2014; Bravo-aranda et al.,
2017), which may affect the PBL detection. Main local sources of
aerosol particles are road traffic, domestic-heating and biomass burning
(mostly in winter time) (Titos et al., 2017; Patrén et al., 2017).
Transported smoke principally from North America, North Africa and
the Iberian Peninsula can also affect the study area (Preiller et al.,
2013; Alados-Arboledas et al., 2011; Navas-Guzman et al., 2013; Ortiz-
Amezcua et al., 2014, 2017).

The measurements were performed from two kind of remote sensing
systems, namely passive and active ones. The passive remote sensing
systems measures the energy naturally available, e.g. passive micro-
wave radiometer, which measures the sky brightness temperature.
Active remote sensing systems emits radiation toward the target to be
investigated. Such radiation is reflected from the target and detected
back by the remote system sensors, e. g. ceilometer emits a laser beam
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what is backscattered by atmospheric molecules, aerosols and/or
clouds, and posteriorly detected by the system.

The ground-based passive microwave radiometer (RPG-HATPRO
G2, Radiometer Physics GmbH) is situated at IISTA-CEAMA and it is
part of the MWRnet [http://cetemps.aquila.infn.it/mwrnet/] (Rose
et al., 2005; Caumont et al., 2016). It has been operating in the scan-
ning mode in automatic and continuous mode since November 2011.
The MWR measures the sky brightness temperature with a radiometric
resolution between 0.3 and 0.4 K root mean square error at 1 s in-
tegration time and uses direct detection receivers within two bands: 22-
31 GHz (water vapor - K band) and 51-58 GHz (oxygen - V band), which
are used for deriving relative humidity and temperature profiles, re-
spectively. Relative humidity (RH) and temperature profiles from
brightness temperature are obtained by inversion algorithms described
in Rose et al. (2005). Due to the weighting functions of MWR ex-
ponentially decrease with height (Spankuch et al., 1996), both profiles
(temperature and relative humidity) have a range resolution varying
between 10 and 200 m in the first 2 km and varying between 200 and
1000 m up to 10 km (Navas-Guzmaén et al., 2014). Its performance has
been evaluated against a dataset of collocated radiosoundings (Bedoya-
Velasquez et al., 2019).

The ceilometer Jenoptik model CHM15k also was operated at the
IISTA-CEAMA station. The system is part of the Iberian Ceilometer
Network (ICENET), an initiative of the Atmospheric Physics Group of
the University of Granada that coordinates a network combining ceil-
ometers and Sun-photometers for the characterization of atmospheric
aerosol with the objective of obtaining reliable vertically resolved
aerosol optical properties in near real-time (Cazorla et al., 2017). It
operates with a pulsed Nd:YAG laser emitting at 1064 nm and a tele-
scope with a field of view of 0.45 mrad. The energy per pulse is 8.4 pJ
with a repetition frequency in the range of 5-7 kHz. The laser beam
divergence is less than 0.3 mrad. The spatial and temporal resolution
used are 15 m and 15 s, respectively (Cazorla et al., 2017). The com-
plete overlap of the instrument is found around 1500 m above agl. The
overlap is 90% complete at 555 m agl in accordance with overlap
function provided by the manufacturer. This equipment has been op-
erating continuously since December 2012.

BC mass concentration was measured with a Multi-Angle
Absorption Photometer (MAAP) (Thermo ESM Andersen Instruments,
Erlangen, Germany) operating by single-wavelength (637 nm) using a
mass absorption of 6.6 ng'l (Miiller et al., 2011) with a time resolution
of 1 minute (del Aguila et al., 2018).

Meteorological variables, including ambient temperature (T,;), RH,
horizontal wind speed (v) and rainfall, were measured by an automatic
weather station (HMP60, Vaisala) at IISTA-CEAMA. Data collected as 1
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min averages were processed to calculate hourly means. Ty; is acquired
with an accuracy and precision of 0.6° C and 0.01° C, respectively. RH is
detected with an accuracy of = 3%. The ground-based station is
equipped with a CM-11 pyranometer manufactured by Kipp & Zonen
(Delft, The Netherlands) measuring the SW solar irradiance data
(310-3200 nm). The CM-11 pyranometer complies with the specifica-
tions for the first-class WMO classification of this instrument (resolution
better than + 5 W/m?), and the calibration factor stability has been
periodically checked against a reference CM-11 pyranometer (Alados-
Arboledas et al., 1999).

All instruments described above are located on the IISTA-CEAMA
terrace at approximately 12 m above the surface. The [ISTA-CEAMA is
surrounded by buildings with similar heights, so that the urban canopy
influence on measurements (such as shades) is negligible.

3. Methodology

The PBLH detection by ceilometer (PBLH_ejometrer) and MWR
(PBLHywR) are based on profiles of two different observed quantities,
namely attenuated backscatter and temperature, respectively. The al-
gorithms applied to each instrument are described below.

3.1. MWR method

The algorithm applied to the MWR combines two methodologies
that are the parcel method (PM) and temperature gradient method
(TGM), in order to detect the PBLHywg in convective (CBLHywg) and
stable (SBLHywr) situations, respectively. Firstly, the potential tem-
perature profile 6(2) is derived from the temperature T(z) profile pro-
vided by the MWR, using the following equation (Stull, 2011):

0(z) = T(z) + 0.0098 * z (€D)]

where z is the altitude above the sea level, and 0.0098 K/m is the dry
adiabatic lapse rate. The surface potential temperature 6(z,), with 2,
the altitude where all systems are located, is obtained from the me-
teorological station co-located with the MWR. Although the equation 1
is applied only in dry process, due to conditions of low RH prevailing in
Granada through the year (Bedoya-Veldsquez et al., 2019), it was used
in all cases.

The 6(z) profile is analyzed in order to label the situation as stable
or unstable. Such analysis is made by comparing the surface potential
temperature 6(z,) with all points in 0(z) profile below 5 km. If all points
are larger than 6(z) the situation is considered stable and TGM is ap-
plied, otherwise the situation is assumed as unstable and PM is used
instead (Fig. 1).

Gradient Method

Temperature

Potential
Temperature Profile

Potential

Temperature Profile

O(Zy) = 6(Zo)?

Fig. 1. Combination of two methods to detect PBLH based on Temperature Profile.
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The PM only can be applied under unstable situations (i.e. for de-
tecting CBL), as shown in Fig. 2. This method determines CBLH;wr as
the altitude where an air parcel with an ambient temperature T can rise
adiabatically from the ground by convection (Holzworth, 1964; Coen
et al., 2014). This is equivalent to affirm that CBLH,wp is the altitude
(2) where the potential temperature 6(z) is equal to surface potential
temperature 6(z,). Due to the variable vertical resolution of MWR, in
some situations the CBLH,yr is obtained from linear interpolation.

TGM (Stull, 1988; Coen et al., 2014) detects the PBLHy;wr under
stable situations based on two definitions; The first one relies on sur-
face-based temperature inversion (SBI), and identifies the first height
where T decrease as a function of altitude (Fig. 3). The second one,
based on the top of Stable Boundary Layer (TSBL), determines the PBLH
as the first height where 6 does not change with z, in other words,
49/, = 0 (Fig. 3). In principle, this method detects the height where the
SBI is situated in the T profile. Then, from this height is identified the
TSBL (SBLHywg) in the 6(z). Otherwise, SBLHy g is labelled as “not
identified”.

3.2. Ceilometer gradient method
As mentioned before, ceilometers detect the PBLH using aerosol as

tracer and aerosol backscatter as observed quantity, similarly to lidar
systems (Steyn et al., 1999), applying the same algorithms to both
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instruments. However, the relatively low SNR of ceilometers represents
a challenge for accurate PBLH detection, mainly under complex sce-
narios, such as in the presence of several decoupled aerosol layers
(Steyn et al., 1999). Some widely applied algorithms based on sig-
nificant changes in the ceilometer signal profile are: Threshold Method
[TM] (Boers and Eloranta, 1986), Variance Method [VM] (Haij et al.,
2007), Ideal Fit [IF] (Steyn et al., 1999; Eresmaa et al., 2006; Avolio
et al., 2017), Wavelet Covariance Transform [WCT] (Haij et al., 2007;
Miinkel et al., 2007; Uzan et al., 2016; Caicedo et al., 2017), Gradient
Method [GM] (Tsaknakis et al., 2011; Haman et al., 2012; Helmis et al.,
2012; Stachlewska et al., 2012; Wagner and Schafer, 2017) and Bl-View
(combination between GM and IF) (Vaisala Oyj, 2011; Caicedo et al.,
2017). In addition, there is some algorithms, which are composed by
several detection methods, like: Structure of the Atmosphere [STRAT]
(Morille et al., 2007) and PathfinderT URB (Poltera et al., 2017).
Nonetheless, it is necessary to note that all methods have advantages
and disadvantages. A more detailed comparison among the most ap-
plied methods can be found in Eresmaa et al. (2012) and Haeffelin et al.
(2012).

In this work the GM is used to PBLH_.ijometer detection, because it
does not need a complex selection of specific parameters like as TM, IF
or WCT, allowing the analysis of the 4-year time series in an automated
way and being able to provide results with good reliability (Tsaknakis
et al., 2011), although it has limitations mainly in complex atmospheric
conditions (rainy and/or cloudy days) (Pal et al., 2010). GM consists in
detecting the minimum of gradient in the range corrected signal profile
(RCS(2), defined as the ceilometer signal corrected by background ra-
diation and the square of distance). Due to a typical reduction of aerosol
concentration in the free troposphere (FT) compared to PBL, this
transition region (corresponding toPBLH cijomerer) iS characterized by an
abrupt reduction in RCS(z) signal.

dz

. (dRCS(z
PBLH eitometer = mln(i())

(2)

where the RCS () is the 10-min average of the RCS(2) profiles, in order
to reduce the effect of noise in the analyzed profiles. GM has some
limitations in complex atmospheric conditions. Such situations generate
ambiguities in the results, where PBLH_jjometer might be over or un-
derestimated (Caicedo et al., 2017). Rainy, foggy, and cloudy days ty-
pically saturated the RCS above 200 x 10 sr'! km™. Therefore, in the
long-term study a threshold analysis is performed over the whole ceil-
ometer data series, cases with attenuated backscatter coefficients above
the mentioned threshold are flagged and their profiles removed, as
performed by Kamp and Mckendry, 2010 and Caicedo et al. (2017).
Since Saharan dust outbreaks are frequent in Granada, Bravo-Aranda
et al., 2017 used depolarization technique to distinguish between
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Table 1 Table 2

Percentage of removed profiles due to quality control. MWR Recovery rate.
Year 2013 2014 2015 2016 Year 2012 2013 2014 2015 2016
Season Season (%) (100%) (87%) (77%) (70%) (70%)
Winter 3.3% 10.0% 6.3% 8.3% Winter 94% 83% 86% 86% 90%
Spring 6.7% 11.0% 12.0% 5.6% Spring 83% 85% 84% 88% 83%
Summer 8.8% 6.7% 12.0% 12.3% Summer 82% 76% 77% 64% 73%
Autumn 13.1% 14.0% 13.0% 16.0% Autumn 81% 81% 77% 88% 73%

different layers (local aerosol and Saharan dust) and to detect he PBLH.
However, the ceilometer used in this work does not have this capability
and, therefore, cases of decoupled Saharan dust layers were manually
identified using an ancillary multi-wavelength lidar (MULHACEN) and,
then, these cases were manually removed. Saharan dust outbreak cases
are more frequent in summer, representing around 30% of removed
cases. Table 1 shows the percentage of removed profiles due to our
quality control.

3.3. Variables for long term analysis

The statistical analysis of the CBLH includes the seasonal mean and
the variables described below:

e Maximum of CBLHywr (CBLHpwrM®™): The CBLHupmzeM™ re-
presents the maximum daily value of CBLHywr.

® CBLHywrgrowth rate (CBLHywr®R): The CBLHmz%R"* mea-
sures the intensity of CBLHyyr growth. It is obtained from a slope of
a linear fit of the first CBLH detected after sunrise and the last point
to reach 90% of daily CBLHyz maximum value, like as performed
by Baars et al. (2008), Korhonen et al. (2014), Schween et al. (2014)
and Pal et al. (2010).

o CBLHpyrgrowth speed (CBLHywgr®P®%): The CBLHwgr%P°? re-
presents the variation of CBLHyyr during a determined time in-
terval:

CBLHS%¢d — CBLHywr (tn) — CBLHywg (ta—1) 3)

In this work, the CBLH;wr% P is calculated from the hourly mean
difference of CBLHyy in two consecutive hours.

® CBLHyyr growth duration (CBLHuwgr®"*"): The CBLHuwgr®"™ re-

presents the number of hours after sunrise where CBLH;yz P is
larger than zero. In other words, it represents the interval time be-
tween the time of beginning of CBLHywgr growth and when the

CBLH g™ is reached (Pal et al., 2010).
4. PBL long term analysis
4.1. Study of the PBL based on MWR

MWR operates continuously, even under rainy and cloudy scenarios,
with low interruption periods (which are associated with maintenance,
calibration and power outage). With the exception of summer 2015, the
maintenance and failures did not affect more than 27% of data and
thus, the MWR measurement covers more than 70% of the period 2012-
2016. Table 2 shows the distribution of data recovery rate per season
and per year, and the percentage of measurement days.

The long-term study performed with MWR data at Granada is
compared with same kind of study performed at other locations, such as
eastern part of the Highveld region (a large plateau in South Africa
composed by rural area with agriculture, mining and industrial activ-
ities) (Korhonen et al., 2014), Palaiseau (on the Saclay plateau in a
suburban environment surrounded by villages, agricultural fields and
some roads) (Pal et al., 2010), Jiilich (situated in a flat region and
surrounded by some hills at east and west, and it is district of the fourth

@ Measurement days.

most populated city in Germany) (Schween et al., 2014), and Leipzig (a
very populous city situated in a rather flat terrain with some forest
parks within its limits and surrounded by a relatively unforested region)
(Baars et al., 2008). Table 3 presents some characteristics of each
campaign, e.g., localization, instrument and algorithm.

Fig. 4 we show the average daily evolution of PBLHy since 2012
until 2016. The PBLHyyr has low values in winter, maximum values in
summer, spring and autumn with intermediate values which is the
expected pattern being in agreement with the results showed by Pal
et al. (2010) at Palaiseau and Korhonen et al. (2014) at Highveld.
However, the difference in site latitudes, ground cover and city size
result in distinct average values. For example, the average maximum
PBLH value in winter is larger in Highveld (1480 m) than in Granada
and Palaiseau (1000 m). In summer, Granada and Palaiseau have
practically the same average maximum values (around 2000 + 700 m
in Granada and 1900 * 400 m in Palaiseau).

Fig. 5 shows daily PBLHwg variation for each season for the whole
period 2012-2016. As can be seen, in all seasons PBLH)ywr shows a very
clear diurnal cycle with low values in night and high ones in the early
afternoon. Also, in all seasons, PBLHwr has a similar behavior with
low variability during the night stable period, except in the summer,
where the whiskers show larger range of values. Similar daily behavior
was observed by Pal et al. (2010) in Palaiseau, where, outside of
summer, the average PBLH variation in stable situations is around 200
m. During convective period (day time) the differences among the
seasons are more evident. This is in good agreement with other studies
(e.g. Stull, 1988; van der Kamp and McKendry, 2010a; Seidel et al.,
2010; Pal et al., 2010; Chen et al., 2016), showing that the average
value of PBLHPBLHywr is low in winter and reaches its apex in
summer. The PBLHywr in spring is similar to autumn, but with slightly
higher average and larger spread of values, as can be seen in the
whisker boxes.

The CBLH,mr®P*°? offers an interesting insight on the CBL beha-
vior. Fig. 6 presents average value of this variable for all seasons in the
period 2012-2016, from the first point where CBL begins to grow until
the moment where it does not increase (CBLHwrCP%¢ = 0). All sea-
sons have the same pattern, a continuous growth of CBLHwgr%P%*? in
the first hours after sunrise due to increase of convective process. Then,
around 10 UTC, the growth rate of CBLHwr®P%? begins to increase
more slowly (in summer around 11 UTC) until the moment where the
CBLHwr®P%? reach a stationary value (winter: 2.8 m/min, spring: 3.6
m/min, summer: 4.1 m/min and autumn: 3.1 m/min). After some
moments, CBLH,yzP*°? begins to decrease until zero, it is the moment
where the CBL is fully-developed and its height practically does not
vary with the time.

Maximum values of CBLHywgr occur in summer when the
diurnal cycle is wider (Fig. 6). This behavior is due to the high in-
cidence of solar radiation on summer which favors the surface heating,
generating stronger convective processes, as well as, higher period of
variations in CBLHpwg. Oppositely, winter with less solar radiation
(low incident angle and few hours of Sun) is characterized by smaller
absolute values of CBLHuwzr%P%? and lower time of alterations in
CBLHpywr. Spring and autumn present similar intermediate behaviors,
with spring having a higher time of CBLHyy growth.

GSpeed



G.d.A. Moreira, et al.

Table 3

Atmospheric Research 240 (2020) 104932

Localization of the different sites and instrumentations as well as methods used for PBL characteristics determination.

Measurement Site ~ Granada

Highveld Paris Jiilich Leipzig
(Korhonen et al. 2014) (Pal et al.,2015) (Schween et al.,2014) (Baars et al.,2008)
Localization 37.16°N, 3.61°W  26°15’ S, 29°26’ E 48.713°N, 2.208°E 50°54’ N, 6°24’ E 51.3°N, 12.4°E
Altitude (m a.s.l.) 680 1745 160 111 113
Instrument MWR Polly*” Aerosol lidar and meteorological Doppler lidar Polly
station
Algorithm PM and TGM Wavelet Covariance STRAT + Variance of vertical wind Wavelet Covariance
Transform speed Transform
Granada — PBLHywr —2012-16 S [cotn peesst | | [ '
Nov - e 2500 (Winter)
| ——CBLH GSpeed
! 4 (Spring) 4
~ GSpeed
2000 & = |TBH summen
= = CBLH GSpeed
Jun — E (Autumn)
& 1500 ©b =3 |
= @3 E
o + =
1000 < 2r J
= Mar 20 8
] (=N
s00 T ot 1k ]
Dec - -4 /
03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 0 g : .
03:00 06:00 09:00 12:00 15:00
Hour (UTC) Hour (UTC)

Fig. 4. Average daily PBLHwr since 2012 until 2016.

Fig. 7 shows the CBLHywg"™ histograms for the four seasons, in-
cluding the skewness (Sx), the normalized kurtosis (K, and the average
(A,) values.Winter and autumn histograms of CBLHywg"™ have an
asymmetric shape (S = 0.8 andS;™™™ = 0.6) biased toward
small values, with A, of 1000 + 350 and 1300 + 600 m, respectively.
However, winter histogram present a higher K, value (K,*™" = 0.2)
with respect to autumn which presents a flatter distribution (K™ =
-0.5). Spring has an almost symmetric and flat distribution (§; P =
0.1 and K7™ = -0.6) with average value of 1600 + 500 m. Finally,
summer has a flattest distribution (K™ = -0.7) with low asymmetry
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Fig. 6. CBLH Growth Speed (CBLH®*?) for winter (DJF-blue line), spring
(MAM - orange line), summer (JJA - red line) and autumn (SON - light blue
line).

(S F“™™MeT = 0.3) and high number of cases localized in higher bins and
an average value of 1900 += 700 m. We found similar seasonal pattern
as those determined in other cities like Leipzig (Baars et al., 2008),
Jiilich (Schween et al., 2014) and Palaiseau (Pal et al., 2010). Never-
theless, the different cities present differences in the average and the
range of the variables used in PBL description, thus larger values are
obtained at Granada while the lowest ones correspond to Jiilich.

The CBLHpwr®R% is directly related with CBLHymz®P*? and,

_PBLH — Granada — Spring (2012 — 16)
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Fig. 5. Daily PBLHywx cycle for winter (DJF), spring (MAM), summer (JJA) and autumn (SON) since 2012 until 2016. Whiskers and boxes indicate 10, 25, 75 and
90% percentiles. The red lines represent the median and the blue stars indicate the mean.
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consequently in the same way that CBLHymzCP®! (Fig. 6),
CBLHy;yr %R presents a large seasonal variability (Fig. 8). The colder
seasons have the lower average values as well as peaked distributions
(higher values of K~ in winter K, = 16.2) with cases concentrated in
left side of distribution, in other words, small values and vice versa in
warmer season. Such behavior was expected due to the values of
CBLHwr®P%? observed in Fig. 6 (lower in colder seasons and higher in
warmer one), which implies directly in the seasonality observed in
Fig. 8. Similar seasonal pattern in CBLH, eS¢ was observed in Jiilich
(Schween et al., 2014) and Palaiseau (Pal et al., 2010), however
CBLHwr®R* at Granada presents greater variability among seasons.
Thus, while the difference between average values registered in
summer and winter are around 80 and 100 m/h in Jiilich and Palaiseau,
respectively, the difference in Granada was 180 m/h. This is associated
to the large differences in meteorological conditions between the winter
and summer in Granada, as reflected for example in the analysis of the
temperature range and explained in Section 4.2.

The CBLHywz®P" at Granada presents a clear seasonal pattern
(Fig. 9). The average value in summer (6.2 = 2.0 h) is larger than the
average value in winter (5.4 = 1.6 h). This is consequence of earlier
sunrise and later sunset in summer, enabling CBL grows during larger
time. In winter and autumn, the CBLHywg®"" frequency distributions
are more centered on low values, whereas in summer and spring they
present a large spread with negative skewness (S, 7™ = -0.1, K P =
-0.6, §; ™M = -0.2 and K™ = -0.8). Granada, Jiilich and Palai-
seau present similar seasonal patterns of CBLH®"", being the difference
between summer and winter around 0.9 h at Granada and 3.6 h at Paris,
with Jiilich in between. Such differences evidence the influence of la-
titude in the variables describing PBL structure used in this statistical

analysis.

Table 4 summarized the comparison among the values of CBL
CBLH®R*¢ and CBLH®P"" obtained at Leipizig (Baars et al., 2008), Jiilich
(Schween et al., 2014), Palaiseau (Pal et al., 2010) and Granada. It is
evident the seasonal pattern of the different variables at all the stations.
CBLHM*™ presents similar values and ranges at Granada and Palaiseau
that are larger than those determined at the other stations with high
latitude. Concerning CBLH®R®¢ it is clear that Granada presents larger
values associated to the larger solar irradiance all around the year.
Furthermore, the values of Granada also present a larger seasonal range
than the other sites, thus suggesting really dry conditions in summer
that favor strong convective processes shortly after sunrise. As men-
tioned previously, Granada presents values of CBLHY® higher than
Jillich and similar to Palaiseau. This characteristic combined with the
larger values of CBLHR results in the CBLH®"" smaller than that
observed in the others two sites.

HM ax’

4.2. Links between PBL, BC surface concentrations and meteorological
variables

Fig. 10 shows the average daily pattern for T,;, RH and net radia-
tion (R,,) together with the PBLH,wr for all seasons in the period 2012-
2016. We have estimated R, from the global solar irradiance using the
seasonal model described in Alados et al. (2003) (Fig. 10). As expected,
due to the different levels of incidence of solar radiation, the higher
values of R, are registered in summer and they continuously decrease
until the winter. In all seasons, the higher values are observed in central
region of day around 13:00 UTC, close to moment when CBLHpwr is
fully developed. There is a clear link between the start of positive R,
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and the starting time of CBLHpwr growth (Fig. 6), as well as, with
CBLHywr%R™ (Fig. 8) and CBLHywgr®"" (Fig. 9) in all seasons. The
offset between PBLHywr and R,, may be explained based on the thermal
and mechanical inertia of the atmosphere which requires some time to
dissipate the convection cells. The low variation of the SBLHpmwr
average is also associated with negative and practically constant values
of R,..

During summer and spring, the T, rising (triangles) occurs at ap-
proximately 06:00 UTC whereas this increase is approximately at 07:30
UTC in winter and autumn. This delay between spring/summer and
autumn/winter is due to the changes in the insolation period (dotted
yellow and red lines represent the average hours of sunrise and sunset,
respectively — Fig. 10), R, values, the influence of heat conductive
fluxes from/to the ground and the dry land with reduced vegetation
typical of summer conditions.

Studies performed in other regions such as Palaiseau and Highveld
(Pal et al., 2010; Korhonen et al., 2014) reveal similar seasonal patterns
for the T, although both the average air temperature and its inter-
seasonal range are different from site to site. For example, the average
difference between maximum of T, in summer and winter is 20 K in
Palaiseau, while in Highveld and Granada are 7 K and 26 K, respec-
tively. Such differences occur mainly due to latitude of each region,
which influence the R, and consequently the Ty;. This justifies the small
difference of CBLHY® observed between summer and winter (around
500 m) in Highveld, when compared to Palaiseau and Granada, where
this variability is approximately 900 and 1000 m, respectively.

The surface thermal amplitude (STA - the difference between the
average minimum value of T,; [T%"] and average maximum value of
the same variable [T, ]) at Granada is 9, 12, 9, and 8 K for spring,

summer, autumn, and winter, respectively. This seasonal change of STA
justifies the pattern of CBLH®R** exhibited in Table 4. As it can be seen,
the warmest and coldest seasons have the largest and lowest STA, re-
spectively. The STA and CBLH®R® are directly related and such beha-
vior is based on the intensification of convective process caused by the
increase of T,;, which is directly related with R, and the latitude of
each region, as aforementioned. A similar correlation occurs in High-
veld, where low values of STA are observed (STAgmmer <9 K) and
consequently small values of CBLH®?% (median value of approximately
0.2 km/h) as compared to Granada.

The RH at Granada presents its maximum in winter and its
minimum summer (Fig. 10). At all seasons, the averages daily values of
RH are anti-correlated with R, Ty and PBLHyyg. Similar results also
were observed by Pal et al. (2010), although values of RH in Palaiseau
are higher than the values in Granada for all seasons, due to higher
evapotranspiration and Atlantic air masses influence at Palaiseau.
However, our analysis does not allow us to establish a direct relation-
ship between the level of interference of RH in the behavior of PBL.

Concentration of the pollutants at any given location is governed,
among other factors, by boundary layer dynamics and wind strength.
The PBLH and v represent the vertical and horizontal diffusion cap-
abilities of pollutants, respectively. So, the combination of these two
variables can play a major role in the dispersion of the pollutants. In
this sense, the so-called ventilation coefficient (VC) is generally used to
measure the capability of atmospheric vertical and horizontal disper-
sion of air pollutant (Nair et al., 2007; Gaur et al., 2014; Tang et al.,
2016; Zhu et al., 2018b). This VC (m? s™) is the product of the PBLH
and v. Fig. 11 shows the seasonal diurnal variability of BC concentra-
tion and VC for 2012-2016. The highest values of BC were found in
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Table 4

Seasonal mean values ( #+ standard deviation) of Maximum of convective
boundary layer height(CBLH®), convective boundary layer height growth rate
(CBLH®R®®) and convective boundary layer growth duration (CBLHCPUratiom
obtained at Granada, Palaiseau, Jiilich and Leipzig.

Season  CBLHM* (m)
Granada Palaiseau (Pal Jiilich (Schween Leipzig (Baars
et al.,2015) et al.,2014) et al.,2008)
Spring 1600 = 500 1600 + 500 1400 1400
Summer 2000 = 700 1900 =+ 400 1600 1800
Autumn 1300 + 600 1400 = 600 1000 1200
Winter 1000 + 350 1000 = 400 1100 800
Season CBLH®®®¢ (m/h)
Spring 300 * 160 220 * 140 110 -
Summer 400 + 300 250 = 140 130 -
Autumn 230 *= 140 200 = 140 110 -
Winter 220 * 140 150 + 120 50 -
Season  CBLHCP"ation (p)
Spring 6.1 £1.8 7.2x23 6.6 -
Summer 6.2 +1.9 81+23 7.0 -
Autumn 54+ 1.7 5.7 +23 5.8 -
Winter 53+1.5 45+ 21 4.9 -

winter and the lowest values in summer. The highest BC concentration
in winter is associated with lower PBLH and increased anthropogenic
emissions from domestic heating in season (Lyamani et al., 2010;
Lyamani et al., 2012; Titos et al., 2015; Titos et al., 2017). In all sea-
sons, BC shows a very clear daily pattern with two peaks coinciding
with traffic rush hours and two minima at night and afternoon hours.
Similar seasonal and diurnal BC cycles were observed in the same study
area by Lyamani et al. (2011) and Patron et al., 2017, which were at-
tributed to the variation in both PBL dynamics and anthropogenic

activities. The first daily BC maximum reaches values up to 7,5 ug m >

in winter and 4 pg m ° in summer, while the second BC maximum
presents values of 5 and 2 ug m 3, respectively. The minimum BC
concentration observed at night and early morning in all season is as-
sociated with a drastic reduction in anthropogenic activities (traffic).
However, the lower concentrations of BC observed around 15:00 UTC
in all seasons are mainly linked to the increase in VC. Nevertheless, the
PBIL dynamic alone cannot explain the daily and seasonal behaviors of
BC and other factors such as change in traffic emissions must be taken
into account in order to better understand BC behavior. This fact is
clearly illustrated in Fig. 12, which shows BC concentration versus VC.
As can be seen in this figure there is no clear relation between BC and
VC. However, in all season and for BC > 5 ug m™>, the increase in BC
concentration is associated to the decrease in VC and PBLHpyr (Fig. 5).
This was also observed by other authors in other urban areas (e.g.
Petdja et al., 2016; Ding et al., 2016). Thus, the reduction in atmo-
spheric ventilation leads to increased BC concentration that leads to air
quality deterioration. Using model simulations and various field ob-
servations, Ding et al. (2016) demonstrated that BC induces heating in
the PBL which results in decreased surface heat flux and substantially
depresses the development of PBL and consequently enhances surface
BC concentration. Therefore, reduction of BC emissions is an efficient
way to improve air quality.

4.3. Study of the PBL based on ceilometer: searching the residual layer

The ceilometer located at IISTA-CEAMA measured without failures
during 96% of the days from January 2013 until December 2016.
However, the number of successful PBLH retrievals with the ceilometer
(Table 5) are lower than those retrieved with the MWR due to influence
of atmospheric conditions in aerosol backscatter profiles (Eresmaa
et al., 2006), preventing PBLHcejomerer detection under complex
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Fig. 10. Comparison among average seasonal daily cycle of PBLHywr (blue line), R,(orange line), surface air temperature (green line) and surface relative humidity
(purple line) for all meteorological seasons from 2012 until 2016. The dotted yellow and red lines represent the average hour of sunrise and sunset, respectively, of

each season.

situations (rainy, clouds, Saharan dust layers). These cases were flagged
and removed as explained in section 3.2 The lowest retrieval rate is
registered in autumn, due to the rain and still the occurrence of Saharan
mineral dust outbreaks.

Fig. 13 shows the average daily PBLHcejjomerervariation from 2013
until 2016. As mentioned before, the ceilometer detects the height of
Residual Layer (RLHceiometer) Detween sunset and sunrise. Similarly to
SBLHpwr, RLHceitometer 1S influenced by the low values of R, and pre-
sents low variability (often remaining around 1000 m agl), which is a
common characteristic for all seasons. GM allows the CBLHceitometer
detection when the CBL is fully developed, reaching the previous-day
RL height. Thus, the variation observed in this period is large, mainly in
summer, when STA and R, reaches the largest values. In addition, the
values of CBLH¢,jjometer Detween 13 and 16 UTC are close of the values
of CBLHywr in this same period (Fig. 4), as expected. Tang et al. (2016)
observed that windy days can influence the ceilometers detection,
causing an overestimation of PBLH detection. These events can have
influenced the CBLH estimation from ceilometer data resulting in the
average values higher that one obtained from MWR data.

The average values of PBLHceiometer and PBLHygr are shown in
Fig. 14. Only days with these two instruments simultaneously operating
are considered. This combination allow for observing the seasonal be-
havior of the complex PBL structure based on the complementary

10

information provided by RLHc,; , CBLHcj, , CBLHywr and
SBLHjmwr, since the presence of these variables is related with the PBL
daily cycle presented in previous sections. The same daily pattern de-
scribed in section 4.1 is observed, as well as the seasonality demon-
strated in Figs. 4 and 13 for PBLHywgr and PBLH ceiiometer, r€Spectively. In
addition, from the Fig. 14 is possible to observe the average RL depth
(APBLH = PBLHcejiometer — PBLHywr) for all seasons from 2013 until
2016. During period of SBL, the RL depth is between 700 and 800 m for
all seasons, however in the course of CBL growth, RL depth decreases
until the moment where it is broken by the CBL (around 10 UTC).

5. Summary and conclusions

This paper has shown a study about PBLH obtained from the com-
bination of ceilometer and MWR measurements. CBLH,jjometer Was 0b-
tained by the gradient method, which detects the top of aerosol layer,
which corresponds to the top of the convective boundary layer if PBL is
fully developed and to the top of the residual layer otherwise and,
PBLHywr was obtained by means of an algorithm that combines the
parcel method and temperature gradient method, allowing to differ-
entiate between stable boundary layer and convective boundary layer
cases.

The long-term analyses allowed for providing a statistical study of
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Fig. 11. Seasonal daily cycle of Ventilation Coefficient [VC] (blue line), and Black Carbon [BC] concentration (red line) for 2012-2016.
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Fig. 12. BC concentration versus Ventilation Coefficient for winter (DJF), spring (MAM), summer (JJA) and autumn (SON) for 2012-2016.

the PBLH at a middle-latitude urban site in Granada, which contributes
to increase the general knowledge on the PBL pattern in Europe at
different latitudes reported in previous studies, such as Palaiseau,
Highveld, and Jiilich. We concluded the following features for the PBL
of Granada: daily maximum convective boundary layer height
(1600 *= 500 m in Spring, 2000 + 700 m in Summer, 1300 *+ 600 m in
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Autumn, 1000 = 350 m in Winter), convective boundary layer height
growth rate (300 = 160 m/h in Spring, 400 + 300 m/h in Summer,
230 = 140 m/h in Autumn, 220 + 140 m/h in Winter) and convective
boundary layer height growth duration (6.1 = 1.8 h in Spring,
6.2 = 1.9 h in Summer, 5.4 + 1.7 h in Autumn, 5.3 = 1.5 h in Winter),
which demonstrates the PBL seasonality in this region and as the



G.d.A. Moreira, et al.

Table 5
Ceilometer recovery rate.
Year 2013 2014 2015 2016
Season ° (99.7%) (100.0%) (100.0%) (96.2%)
Winter 96.7% 51.1% 84.4% 67.8%
Spring 46.7% 50.0% 50.0% 45.6%
Summer 34.4% 56.7% 50.0% 32.2%
Autumn 27.8% 42.2% 56.7% 21.1%
@ Measurement days.
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Fig. 13. Average daily PBLH eilomerer Since 2013 until 2016.

surface meteorological variables, involved in the thermodynamic pro-
cesses, correlated with the PBLH, mainly net radiation and surface
thermal amplitude.

Since the PBL dynamics is an important meteorological factor that
affects the vertical diffusion of atmospheric pollutants influencing the
air quality, we have also analyzed back carbon concentration as a tracer
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of the traffic emissions to characterize the air pollution at our urban
site, along with the conventional meteorological variables. We have
used the ventilation coefficient to take into account the capability of the
atmosphere for the pollutant diffusion. We concluded that the lowest
concentrations of black carbon found in all seasons during central hours
of the day coincide with the highest values of VC (4000 m?s? in
summer and 1600 m?s™? in winter). However, due to weak v and low
values for PBL, a low vertical (convective) and horizontal mixing of
aerosol particles are generated at surface level, with the highest values
of black carbon in winter coinciding to the rush traffic hours (values up
to 7-5 pg m™ in the morning and 5 pg m™ in the evening). This com-
bination of variables allows for concluding the variation of black carbon
concentration during the different seasons is directly related with the
seasonal behavior of the PBLH and, consequently, the ventilation
coefficient.

We also concluded that only the residual layer height is not affected
by the seasonality of meteorological variables, being its value practi-
cally constant (around 1000 m agl) through the year. In this regard, we
have shown how the combination of the PBLHywr and PBLHceijometer
during stable conditions, and until around 10 UTC in convective si-
tuations, allowed the retrieval of the residual layer depth, opening the
door to further investigations about the air quality due to the potential
entrainment of the residual layer aerosol load in the next convective
boundary layer.

This study has demonstrated the feasibility of long-term PBLH
analysis using ceilometer and MWR, enabling the characterization of
this variable and a better comprehension about its behavior, complex
structure and how seasonality, geographical differences and surface
variables can influence it, along with the relevance of the role of PBL
dynamics in the ability to diffuse atmospheric pollutants. In the future
we will intend to extend this study to other regions and synergistically
aggregate other remote sensing systems.
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Fig. 14. Comparison between PBLHywr (red dots) and PBLHceiometer(blue dots) since 2013 until 2016. The yellow region represents the RL thickness.
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