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Abstract: Short-range elastic backscatter lidar (SR-EBL) systems are remote sensing instruments for
studying low atmospheric boundary layer processes. This work presents a field campaign oriented to
filling the gap between the near-surface aerosol processes regarding aerosol radiative properties and
connecting them with the atmospheric boundary layer (ABL), centering attention on the residual layer
and the ABL transition periods. A Colibri Aerosol Lidar (CAL) instrument, based on the short-range
lidar with high spatio-temporal resolution, was used for the first time in the ACTRIS AGORA facility
(Andalusian Global Observatory of the Atmosphere) in Granada (Spain). This study showed the
possibility of combining lidar and in situ measurements in the lowermost 150 m. The results address,
on the one hand, the characterization of the short-range lidar for developing a method to find the
calibration constant of the system and to correct the incomplete overlap to further data exploitation.
On the other hand, relevant radiative properties such as the temporal series of the aerosol lidar ratio
and extinction coefficient were quantified. The campaign was divided in three different periods based
on the vehicular emission peak in the early mornings, namely, before, during, and after the emission
peak. For before and after the emission peak data classification, aerosol properties presented closer
values; however, large variability was obtained after the emission peak reaching the maximum values
of extinction and a lidar ratio up to 51.5 ± 11.9 (Mm)−1 and 36.0 ± 10.5 sr, respectively. During the
emission peaks, the values reached for extinction and lidar ratio were up to 136.8 ± 26.5 (Mm)−1 and
119.0 ± 22.7 sr, respectively.

Keywords: short-range lidar; lidar ratio; ABL take-off

1. Introduction

The atmospheric aerosol’s relevant role in the atmosphere, particularly in the first
hundreds of meters, attracts the attention of the atmospheric scientific community since it
is where most human activity occurs [1,2]. Anthropogenic emissions have an impact on
the biosphere and atmosphere, causing changes in the characteristics of the atmospheric
boundary layer (ABL) such as height, wind, temperature, moisture, precipitation cycles,
cloud formation, and air quality [3,4]. Due to still significant uncertainties regarding
the spatio-temporal evolution of the near-surface ABL processes, instead of using single-
system operations, most efforts have been oriented toward the synergies between different
techniques such as in situ and remote sensing [5–7]. Notably, the use of remote sensors
sped up in the last two decades [8,9]. For techniques such as meteorological sounding
and satellite vertically resolved observations, even if they have good vertical resolution,
their scarce temporal resolution and horizontal coverage inhibit their use for long-term
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studies. Additionally, some satellite observations have continuous problems related to
signal blocking due to cloud presence [9,10].

The Atmospheric Light Detection And Ranging (lidar) technique is underpinned
as a possible tool for filling this gap since it can be used to perform measurements of
aerosol radiative properties in relatively near real time (up to two samples per second) with
spatial resolutions of about tens of meters [11–14]. Aerosol lidar instruments are power-
ful systems used to perform atmospheric measurements due to their high sensitivity to
aerosol characterization, as well as their precise location ability, vertical profiling, and long
measurement ranges. Lidar systems can penetrate clouds, which makes them ideal for con-
tinuous monitoring with multi-wavelength capabilities, enabling discrimination between
different aerosol types based on their spectral signatures. However, recent studies have
demonstrated the necessity to improve lidar’s spatial and temporal resolution together with
additional capabilities such as its depolarization and multi-spectral configurations [15–17]
to better understand the processes that link the ABL processes and transitions (e.g., from sta-
ble to unstable conditions). Technically, lowering the blind zone is one of the main concerns
related to far-range lidar since it depends on the optical configuration of the systems. In this
regard, lots of studies have been conducted not only for the overlap determination [18–21],
but also for lowering the full overlap height through the coupling of telescopes in the far
range and the near range. The blind zone makes far-range lidars lose the capability of
connecting near-surface atmospheric processes in upper atmospheric levels. Still, when
considering all the efforts made in Europe through research infrastructures such as ACTRIS
(www.actris.eu (accessed on 8 April 2024)) or the European Cooperation in Science and
Technology actions (COST actions, www.cost.eu (accessed on 8 April 2024)), there are still
significant uncertainties around this topic. ACTRIS requirements set a full overlap at 200 m,
so there is an existing gap between 0 and 200 m. There are in situ instruments that can
be used to explore this range based on punctual measurements of aerosol radiative and
microphysical properties, and they are typically placed on high towers [22,23]; however,
these instruments lack the vertical information with high spatial resolution that remote
sensors can provide.

The increasing interest in characterizing low atmospheric processes linked with near-
surface aerosol dynamics suggests that short-range elastic backscatter lidar should be
further developed in the upcoming years. Currently, the majority of the studies involving
short-range aerosol lidars have been conducted on horizontal measurements that are used
to characterize nearby aerosol

sources [24–27] or the use of lidar with scanning capabilities [28] to characterize aerosol
sources within the first 2 km of the atmosphere. In this work, we aimed to explore the ABL
transitions/dynamics using short-range lidar

in synergy with in situ instrumentation to investigate how these transitions/dynamics
influence aerosol radiative properties, centering our attention on the emission peaks mea-
sured during the field campaign.

The remainder of this manuscript is organized as follows. The campaign and instrument
descriptions are found in Section 2, while the methodology is described in Section 3, focusing
on the short-range lidar overlap estimation and the calibration procedures. In Section 4, the
results are addressed and in Section 5 discussion can be found. Lastly, the main conclusions
are presented.

2. Field Campaign and Instrumentation
2.1. Lidar LOW-Height Profiling Campaign (LiLOW)

The Lidar LOW-height profiling campaign (LiLOW) was performed at the AGORA
Observatory of the Andalusian Institute for Earth System Research (IISTA) (Granada,
Spain) from 9 to 12 May 2023 (see Figure 1). It aimed to (i) test a proof of concept of
short-range elastic backscatter lidar (Colibri Aerosol Lidar) for vertical measurements on
well-characterized emission sources, (ii) conduct inter-comparisons

www.actris.eu
www.cost.eu
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of remote and in situ instruments in retrieving aerosol radiative properties within the
urban ABL, and (iii) explore new synergistic combinations of instruments to improve the
characterization of the low ABL aerosol properties.

AGORA Observatory is located in the city of Granada (37.160◦N, 3.580◦W, 680 m a.s.l)
in southern Spain. Granada is a medium-sized city with a population of around
468,000 inhabitants, in 2023. The climate is typically Mediterranean with continental
influence, characterized by cold winters, dry and hot summers, and a large diurnal
temperature amplitude [29]. Due to its location in a valley surrounded by mountains,
Granada has a well-characterized mountain-valley wind regime with up-valley winds
from the NW and W during the day, and down-valley winds from the SE and E during
the night and early morning [30]. The topography of the area, together with its climate,
favors temperature inversions and low wind dispersion, promoting the accumulation
of pollutants near the surface [31]. The main local aerosol sources are road traffic and
biomass burning from agricultural waste removal practices in the outskirts of the city of
Granada [32]. In addition to local sources, due to its geographical location, Granada is
influenced by natural dust episodes from North Africa [33–35]. A detailed description
of the different aerosols affecting Granada can be seen in [36].

Figure 1. Deployment of the instruments at the AGORA Observatory, Granada (Spain), during the
LiLOW campaign. The lidar and the in situ station are operated from the same buildings with a
spatial separation between the in situ inlet and lidar output window of <10 m.

The relevant physical quantities measured by each system are listed in Table 1, where
it can be inferred that all data temporal resolutions were degraded to that of the instrument
that presented the lowest temporal resolution for the calculations in this study.
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Table 1. List of the instruments used along the campaign together with the main magnitude mea-
sured. σsca and σabs refer to the scattering and absorption coefficients, n refers to the total aerosol
concentration, and RCS is the lidar range-corrected signal.

LiLOW Campaign Instrumentation

Instrument Property Units Wvl (nm) Time Res. (s) Spatial Res. (m)

Nephelometer σsca (Mm)−1 532 * 60 N/A
Aethalometer σabs (Mm)−1 532 ** 60 N/A

SMPS n cm−3 N/A 300 N/A
Colibri Aerosol
Lidar (CAL-100) RCS Vm2 532 60 0.6

* Angström exponents at 450/550 were used for the extrapolation at 532 nm. ** Angström exponents at 520/590
were used for the extrapolation at 532 nm.

2.2. Remote-Sensing Instrument: Colibri Aerosol Lidar (CAL)

Colibri Aerosol Lidar (CAL) is an instrument based on the Short-Range Elastic Backscat-
ter Lidar (SR-EBL) technique. They are designed to measure aerosol properties close to
the instrument by reducing the blind zone to less than 2 m in a bi-static and multi-axis
configuration, allowing the dynamic range to change to several hundred meters. These
instruments use a fast short-pulse laser source and ultrafast optical sensors and electronics
to acquire the lidar signal, resulting in its high spatial resolution of 10 cm along the line of
sight and high temporal resolution of up to 1 profile per millisecond. A description of the
physical principles and operation can be found in [17,27,37], and the CAL-100 specifications
are shown in Table 2.

Table 2. Main specifications of the Colibri Aerosol Lidar (CAL-100).

Laser Wavelength 532 nm
Pulse duration <2 ns
Pulse repetition rate 1.0 kHz
Pulse energy 20 µJ
Beam divergence 1.8 mrad (1/e)
Beam diameter 2 mm (1/e)
Bi-static angle 1–5 mrad

Receiver Type Cassegrain
Effective diameter 90 mm
Focal length 500 mm
F-number 6.3

Sensor Type PMT
Bandwidth 0.8 GHz
Active area 200 mm2

A proper calibration of the CAL instrument is essential to retrieve aerosol radiative
and microphysical properties. Calibration can be decomposed into (i) geometric calibration,
which is necessary for determining the overlap function of the lidar, especially in the short
range, and (ii) radiometric calibration, which is required for retrieving the attenuated
backscatter profiles and for using dedicated inverse methods that do not require any
knowledge of the boundary conditions or reference zone [17,27].

2.3. In Situ Instruments

Air sampling for all the in situ instruments was obtained from the top of a stainless
steel tube, 20 cm in diameter and 5 m in length [38,39]. The inlet was located about 15 m
above the ground. Inside the tube, there were several stainless steel pipes driving the
sampling air to the different instruments. Each one of the stainless pipes extracted the
appropriate flow for each instrument. Different diameters for the pipes were selected to
optimize the efficiency of the system [40].
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The aerosol particle light scattering (σsca) and backscattering (σback) coefficients were
measured at three wavelengths (450, 550, and 700 nm) using an integrating nephelometer
(TSI 3563, Shoreview, MN, USA). This instrument draws in ambient air at a flow rate of
15 lpm, illuminates the sample with a halogen lamp, and measures scattered light at a
time resolution of 1 min. The calibration of the nephelometer was carried out periodically
every three months using CO2 and filtered air. Non-idealities due to truncation errors
were corrected according to [41]. For 5 min of averaging time, the detection limits for
the total scattering coefficients were 0.44, 0.17, and 0.26 (Mm)−1 for 450, 550, and 700 nm,
respectively [42]. For backscattering, the detection limits were 0.29, 0.11, and 0.21 (Mm)−1

for 450, 550, and 700 nm, respectively.
The aerosol light absorption coefficient, σabs, was measured with a Multi-Angle Ab-

sorption Photometer (MAAP, model 5012, Thermo, Norristown, PA, USA) at 637 nm [43].
The MAAP results are based on simultaneous measurements of radiation transmitted
through and reflected from a particle-loaded filter at two detection angles [44]. The determi-
nation of the absorption coefficient of the filter-deposited aerosol used a radiative transfer
code and explicitly included a treatment of scattering effects from the filter matrix and the
light-scattering aerosol component. The two reflectivity measurements were used to correct
the multiple scattering processes of the deposited particles and the filter matrix. A detailed
description of the method is provided in [44]. The MAAP draws in the ambient air at a
constant flow rate of 16.7 lpm and provides 1 min values. The detection limit of the MAAP
instrument is lower than 0.6 Mm−1 over a 2 min integration. The total method uncertainty
for the particle light-absorption coefficient inferred from the MAAP measurements was
around 12 % [44].

In addition to the absorption coefficient measurement performed with the MAAP,
an Aethalometer AE33 (Aerosol d.o.o., Ljubljana, Slovenia) was used to estimate the black
carbon mass concentration and absorption coefficients at seven wavelengths (370, 470, 520,
590, 660, 880, and 950 nm). This instrument is also based on the filter technique [45], and it
was corrected by retrieving the calibration value through a comparison with the MAAP
measurements [46]. The calibration value of 1.9 was obtained for the measurement period
analyzed in this study.

The sub-micron particle number size distribution (PNSD, Singapore) in the diameter
range 10–500 nm was monitored with a 5 min temporal resolution using a Scanning Mobil-
ity Particle Sizer (SMPS; TSI 3938) composed of an electrostatic classifier (TSI 3082) and a
Condensation Particle Counter (CPC; TSI 3772). Aerosol and sheath flow rates of 1.0 and
5.0 lpm, respectively, were used. The integration of these size distributions resulted in the
total aerosol number concentration. The quality of the SMPS measurements was assured by
frequently checking the flow rates, monitoring the relative humidity (RH), and performing
203 nm Polystyrene Latex particle (PSL) calibration. Following the calibration procedures,
the uncertainty in the measured particle size distribution was within 10% and 20% for the
size ranges of 20–200 nm and 200–800 nm, respectively [47].

3. Methodology

This work combined in situ and remote sensing instruments, intending to fill the gap in
the first hundreds of meters of the atmosphere. To achieve this goal, a unique configuration
was proposed to validate the radiative products obtained from a non-commercial short-
range lidar system co-located next to an in situ station that measures aerosol radiative
and microphysical properties. Figure 2 shows the campaign’s data flow and data analysis
methodology. The derivations of the calibration constant and overlap function are in
Section 4 based on a lidar signal inter-comparison with in situ measurements, namely,
the lidar range-corrected signal (RCS) and the αin−situ. The RCS pre-processing involved
background correction , bin and zero suppression, range correction, and maximum signal
limit estimation through a signal-to-noise ratio (SNR) calculation, setting the maximum
range of exploitable signals to up to 150 m (SNR > 3). In Section 3.2, the iterative method
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of minimization used to derive the aerosol backscattering coefficient from the attenuated
backscattering coefficient is detailed.

Figure 2. Block diagram of the methodology for data processing, calibration, and inversion combining
short-range and in situ instruments co-located at AGORA facility during LiLOW campaign.

3.1. Theoretical Approach: Lidar Equation

The lidar equation is a radiative transfer equation that involves the interaction between
aerosols and molecules with radiation in the atmosphere, resulting in a measurable physical
signal S(r,t) . Equation (1) presents the monochromatic elastic lidar equation (wavelength
dependence is omitted).

S(r, t) · r2 ≡ RCS(r, t) = K(t) · O(r, t) · β(r, t) · exp
[
−2

∫ r

0
α(r′, t)dr′

]
(1)

In Equation (1), the square of the range is already used in the left side of the equation to
define the RCS. O(r) is the overlap function, which refers to the signal detection probability
(due to the lidar configuration’s geometry). O(r,t) combines all geometric effects of the
transmission (laser) and receiver systems’ fields of view. Typically, its value is zero near
the lidar system, and it reaches unity when the laser beam is completely imaged onto
the detector, and this is known as the full overlap height (FOH). O(r,t) remains near the
unity for ideal mono-static-coaxial or mono-static-bi-axial lidar systems; however, for bi-
static lidars, the alignment plays a crucial role once the unity is reached. For far-range
lidars, the unity can be assured for long distances. In contrast, due to optic limitations
and user configuration needs, the overlap for short-range lidars can decrease rapidly after
reaching the FOH. K(t) is the lidar constant that involves all efficiency terms from detection
subsystems. Substantial variations in O(r,t) and K(t) might be seen when geometrical
modifications such as re-alignments are performed in the lidar system. In particular,
temporal variations in O(r,t) and K(t) are linked with the aerosol load increase in the
atmosphere or under abrupt temperature changes. Lastly, β(r,t) and α(r,t) are the volume
backscatter and extinction coefficients related with the nature of light–matter interactions.

Due to the ill-posed nature of the lidar problem, to retrieve the radiative properties
from Equation (1), an extra relationship might be established between α(r) and β(r). This
relationship is the so-called lidar ratio, which is an intensive property that has the following
form [37]:

LR =
α(r)
β(r)

(2)

For most elastic lidar data processing chains, (i) constant values of lidar LR are as-
sumed; typically, values between 50 and 60 sr at 532 nm are often used since they include a
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wide range of aerosol types such as continental pollution [48,49]. In addition, (ii) classic
backward or forward inversion schemes are applied to retrieve aerosol radiative proper-
ties [50–53].

In this study, a different version of the forward Fernald inversion was applied to the
short-range lidar measurements, due to the lack of boundary conditions such as a clean
zone of the atmosphere in the far range. This method is also referred to as the radiometric
forward Fernald inversion method [17,27] because it only requires the knowledge of the
lidar constant, without knowing any boundary conditions.

3.2. Lidar Calibration and Overlap Correction

The attenuated backscatter βatt was retrieved by applying the overlap correction and
a detailed calibration constant procedures. During the calibration period, the following
assumptions were considered: (i) there were no-aerosol sporadic emissions and (ii) the
atmosphere was considered homogeneous within the range of interest. To fulfill the first
assumption, we used the time series of several in situ measurements, namely, Nephelometer,
MAAP and SMPS measurements, to track the scattering and absorption coefficients, as
well as a sub-micron size distribution together with the lidar profiles. At the same time,
the hypothesis of a homogeneous atmosphere was fulfilled since most of the selected
calibration periods were in the early mornings, where no-aerosol stratification was seen
from the lidar signal. Additionally, an averaging of the lidar RCS signals was performed
for different layers (i.e., 0 to 10 m, 10 to 20 m, 20 to 50 m, and 50 m to the end) to monitor
the temporal correlation with the in situ measurements.

During this calibration period, the goal was to find the radiometric calibration constant
K that would allow us to retrieve βatt and then apply the inversion method to obtain the αa
profiles, hereafter αColibri. The modified form of the two-component forward Klett–Fernald
method developed in [27] was used, and it is briefly introduced below:

β(r) = βa(r) + βm(r) =
V(r)

1 − 2 LRa

∫ Rtop

FOH
V(R)dR

. (3)

The integration limits are set from the Rtop, which is nothing else but the full overlap
height (FOH) until Rtop, which is the maximum range where the lidar signal presents a
good signal-to-noise ratio. In this approach, the form of βatt(r) is as follows:

βatt(r) = β(r) exp
[
−2

∫ Rtop

Rbase

LRaβ(R)dR
]

exp
[
−2

∫ Rtop

Rbase

(LRm − LRa)βm(R)dR
]

. (4)

where βm is the molecular backscattering calculated based on theory and scaled to the
altitude of the station. Thus, the form of V(r) is

V(r) = βatt(r) exp
[

2
∫ Rtop

Rbase

(LRm − LRa)βm(R)dR
]

. (5)

in units of (m·sr)−1. To solve Equation (3), the LR and βatt(r) are needed. Thus, LR and
K will be constrained by the α differences between the in situ and Colibri measurements.
The aim was to permute both quantities in an iterative procedure, where at each iteration,
a βa profile is obtained. Finally, the absolute mean bias error was used as the metric to
minimize the problem as follows:

min
tcal∈t

|αColibri(tcal)− αin−situ(tcal)| (6)

where

αColibri(tcal) =

〈
len(perm)

∑
i=1

f (RCS(r, tcal), LRi
a, Rtop, Ki) · LRi

a)

〉Rtop

Rbase

(7)
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The function f inside the summation is the radiometric forward Fernald method ran
for the number of permutations selected in the optimization. Once calibration is performed,
O(r) is estimated from Equation (1) as follows:

O(r) =
βatt(r)

(α(r)/LRa) · exp
[
−2

∫ R
0 α(R)dR

] (8)

Due to the high temporal resolution of CAL-100 instrument, the calibration periods
contain several profiles used to calculate the overlap. Thanks to assumptions considered
for selecting the calibration periods, the resulting mean O(r,t) is representative of the whole
campaign, allowing us to consider the overlap as only range dependent hereafter. To mini-
mize the effect of the signal oscillations when O(r) is applied on Equation (1), an analytic
function—poly fit-like—was obtained from the mean O(r) to apply it systematically for
signal inversion calculations.

4. Results
4.1. Measurements Time Series Analysis

Figure 3 shows the time series of αin−situ, σabs, and the total aerosol number concen-
tration (n). At the top of the panel, in black, the Colibri mean RCS values from the FOH
(32.4 m) until 150 m are presented. To link the spatio-temporal measurements from the lidar
with the in situ ground-based measurements, averaging was conducted over the following
five atmospheric columns in meters: [0–10], [10–20], [20–50], [50–100], and [FOH-150]. We
estimated the correlation between the RCS and the αin−situ for each atmospheric column,
obtaining the following five positive correlation coefficients (R2): 0.6, 0.6, 0.5, 0.6, and
0.5, respectively. When considering the differences in the techniques and the temporal
degradation performed on the lidar data to match the resolution of the in situ instruments,
the R2 obtained is a good indicator for evaluating the synchronicity of the near-surface
and the range-dependent aerosol events. The RCS until 150 m is the measurement used
hereafter for the lidar time series.

Figure 3. Time series of (top) RCS measured with Colibri (from ground to 150 m). In situ time series
of σabs are presented in red and αin−situ in black (middle), and the bottom shows the total aerosol
concentration. The highlighted regions indicate the calibration time frames.

The dataset in Figure 3 exhibits two periods that we used to center the attention in this
study. On the one hand, the periods where αin−situ, σabs, and n remained constant indicate
the absence of aerosol particle injection and were used as calibration datasets (time slots
marked in yellow). On the other hand, the slots where all variables were involved increased
around 07:00 UTC. The increase was likely generated by road traffic emissions (mainly
ultrafine black carbon aerosols) [54,55], allowing us to focus the study on characterizing
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these emission peaks in terms of their radiative properties and their connection with the
low ABL nocturnal and take-off cycles.

4.2. Calibration of the Colibri Signal

As detailed in Section 3, the calibration involves an iterative minimization calculation
where the lidar constant and lidar ratio are evaluated 59,400 times to find the best values that
minimize the absolute difference between αin−situ and αColibri. The calculation considers
values of K ranging from 1 · 104 to 1 · 106 Vm3 sr with steps of 1 · 103 Vm3sr and a particle
lidar ratio from 30 to 150 sr with steps of 2 sr. The calibration regions were analyzed from
02:40 to 03:40 UTC since those represents an extended and stable period of the time series,
indicating homogeneous media with no sudden aerosol intrusions.

In Table 3, it can be seen that the calibration constant obtained for independent measure-
ments is quite similar, pointing out the repeatability and robustness of the calibration method.
A representative calibration value of (1.9 ± 0.5)105 Vm3 sr was used for the campaign.

Table 3. Lidar calibration constant and lidar ratio retrieved for the calibration periods.

Calibration Results

Date Magnitude Units Mean ± Std. Dev

10 May K Vm3 sr (1.9 ± 0.2)105

LR sr 63.1 ± 10.7

11 May K Vm3 sr (1.9 ± 0.7)105

LR sr 67.5 ± 25.0

After the calibration, the overlap was determined from the analytical form shown
in Equation (8). Figure 4 presents the results for the O(r) on 10 and 11 May in grey and
green lines with its standard deviations, respectively. The mean overlap and its standard
deviation are also shown in orange. When considering the mean overlap as representative
for the whole campaign, the FOH was reached at 32.4 m. Lastly, as the mean O(r) profile
remains with some oscillations (seen in Figure 4), a poly-fit regression was applied to use it
for the overlap correction of the lidar signal for the whole campaign. Possible sources of
these variations might be (i) laser instabilities due to the relatively long-time lidar operation
or (ii) fast atmospheric variations that, under our high temporal sampling, can impact the
O(r) mean profile mainly close to the ranges where the SNR decreases.

Figure 4. The mean Colibri overlap function. The straight black line is the overlap measured, while
the bounded grey line is the standard deviation.

4.3. Aerosol Radiative Properties: Connection between In Situ and Colibri Measurements

A methodology based on the combination of in situ instruments and short-range lidar
was proposed here to quantify the LR and study its variability as well as the α coefficient to
better understand the dynamics of the low ABL. In particular, our attention is focused on
the transitions from the nighttime to the startup periods. During these periods, the aerosol
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radiative properties reached higher values in the early morning due to the traffic rush
hours, which is likely related to the BC particle emissions.

The results are presented in Figure 5. On top, the color bar represents the LR values
obtained, which are the input used to retrieve the αColibri profiles shown in the binary color
map. From this figure, the spatio-temporal distribution of the emission peak and aerosol
dispersion is seen. The αcolibri profiles show high intensity in the first 100 m during the
whole campaign; however, on 9 and 11 May the intense emission peak covers the whole
atmospheric column, while on 10 and 12 May, the emission peak was relatively more
intense below the 100 m, exhibiting more aerosol dispersion over time.

Figure 5. The binary color map of the αColibri retrieved using the time series of the lidar ratio found
in this study as input is shown for the whole campaign. At the top of the figure, the lidar ratio time
series is labeled in the color map, and each date is separated by dashed vertical lines.

Previous studies have reported values of LR up to 150 and above for freshly emitted
soot particles, both experimentally [24,27] and from light-scattering models [56,57]. These
results are in agreement with the results obtained during the strong traffic emission peaks
measured in the campaign on 9 and 11 May, where LR values reached values up to 141.7 sr
and 88.1 sr, respectively. These measurements, together with previous studies, suggest that
the use of low LR values for sub-micrometric absorbing particles, such as BC, may lead to
an underestimation of their radiative properties.

5. Discussion

To better understand the time of emission and dissipation of aerosols around the rush
hour during the campaign, an air quality station located 1 km from the Agora Observatory
was used to track the pollutant gases and particle matter (PM) concentrations over time
(not shown here). As addressed in [58,59], not only do PM2.5 and PM10 have an impact on
the low ABL dynamics, but pollutant gases such as SO2, NOx, and others as well, which
when transported from the nocturnal residual layer to the diurnal boundary layer might
trigger new particle formation (NPF) processes, impacting the aerosol radiative properties
and the ABL’s cycle.

From the air quality station, we found that CO was predominant during the rush
hours, reaching particularly high values on 9 and 10 May. NO2 exhibited higher concen-
trations compared with NO and SO2; thus, it was considered the less significant during
the campaign. The PM2.5 mass concentration emission peaks matched with the results
presented in Figure 5, with concentration levels within the acceptable values for the region.

The air quality time series helped us to determine the time duration of the emission
peak and possible transport from the residual nocturnal layer, as well as qualitatively check
the aerosol dissipation after the emission peak. In general, the rush hours were around
7 UTC (matching the results of previous studies in Granada [39,54,60]), with temporal
lengths of 2 h. According to the air quality data, two extra periods might be analyzed,
i.e., 2 h before and 2 h after the peak to determine the roles of the residual layer transport
and aerosol dissipation after the emission peak. For this analysis, we assumed a low rate of
vertical mixing due to turbulent movements caused by solar radiation (typically from 10 to
16 UTC [29,30]) and temporal homogeneity in the atmospheric layers.
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The data were split to keep data-significance for the analysis of the aerosol radiative
properties during the rush hours as follows:

• Before the emission peak, BeP: a two-hour mean before the start of the DeP.
• During the emission peak, DeP: a two-hour mean around the maximum of the emis-

sion peak.
• After the emission peak, AeP: a two-hour mean after the end of the DeP.

Figure 6 presents the probability density function (pdf) for each time block defined
above. The LR distributions BeP are Gaussian-like distributions (Figure 6 on the left),
with more data dispersion on 9 and 10 May. The LR distributions DeP (in the middle of
Figure 6) exhibit less data dispersion on 9 and 12 May, while on 11 May, data distribution
was broader. The LR distribution on 9 May has a particular bi-modal shape that might be
linked with the higher values of the pollutant gases reached during the rush hour. As the
PM data did not show any particular aerosol transport from the residual nocturnal layer to
the diurnal boundary layer, the origin of these high values of radiative properties, i.e., LR
and α, might be associated with the increases in CO and NO during the rush hours, which
reached the highest values over the whole campaign, 400 and 50 µg m−3, respectively.

After the emission peak, the data distribution is likely left-skewed with respect to the
LR distributions BeP, pointing out that for the same time interval of 2 h, the dispersion
process might play an important role, and the emission rate decreases considerably 1 h after
the emission peak. During the campaign, only the air quality station acted as an indicator
of the aerosol transport (BeP)/dispersion (AeP). Lastly, during the week of measurements,
the concentrations of PM2.5 and pollutant gases AeP showed a monotonic decrease until
reaching the typical values over the region during this hour of the day [54,60]. To better
analyze the results, and according to the data distribution, the mean and standard deviation
values for the LR, αColibri, and αColibri are presented in Table 4.

Figure 6. Probability density function of LR data for the three periods selected: BeP on the left, DeP
in the middle, and AeP on the right. Each day is presented in a different color.

During the emission peak, the LR ranged from 96 to 141.7 sr, exhibiting a considerable
increase on 9 and 11 May, which is consistent with the increase in the BC particle concen-
tration seen with the augmentation of the σ and the total distribution number of particles
(up to 1 · 104 cm−3). The BeP and AeP datasets point out that there were no significant
differences regarding the mean values. Generally, the standard deviation values BeP are
lower than those AeP, suggesting a larger data dispersion likely due to the impact of the
vehicular emission peaks.
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Table 4. Summary of the aerosol radiative properties in the periods of BeP, DeP, and AeP by date.

Radiative Properties

Date Magnitude Units BeP DeP AeP

9 May
αColibri (Mm)−1 38.3 ± 7.4 136.8 ± 23.5 51.4 ± 6.9
αin−situ (Mm)−1 53.0 ± 14.0 123.1 ± 33.0 51.9 ± 7.1

LR sr 32.0 ± 5.8 119.0 ± 22.7 34.0 ± 8.2

10 May
αColibri (Mm)−1 37.6 ± 9.2 43.7 ± 11.0 41.6 ± 10.1
αin−situ (Mm)−1 49.6 ± 7.0 50.0 ± 6.7 41.4 ± 7.2

LR sr 34.0 ± 11.7 41.0 ± 9.9 36.0 ± 10.5

11 May
αColibri (Mm)−1 40.6 ± 6.3 93.8 ± 20.1 48.7 ± 6.3
αin−situ (Mm)−1 51.4 ± 11.4 99.0 ± 21.0 49.8 ± 5.5

LR sr 27.0 ± 5.3 63.0 ± 25.1 22.0 ± 3.5

12 May
αColibri (Mm)−1 45.1 ± 4.9 76.9 ± 16.0 51.5 ± 11.9
αin−situ (Mm)−1 47.4 ± 4.3 74.6 ± 12.0 50.5 ± 8.5

LR sr 35.0 ± 4.1 61.0 ± 13.4 33.0 ± 9.9

The highest standard deviations found AeP might indicate a broader range of aerosol
types presented into the air column for the following hours; thus, depending on the
atmospheric conditions, this will impact the vertical mixing caused by the solar radiation
and the amount of aerosols to be mixed and injected to higher layers or dispersed over
the area. On the contrary, the low standard deviations found BeP indicate the well-mixing
state of the aerosols before rush hours. The highest differences found between αColibri
and αin−situ might be associated with (i) the temporal difference of the data sampling
between instruments, which impacts data variability, (ii) the origin of the data sources
(in situ instruments and active remote sensing), and (iii) the noise level associated with
the instruments.

6. Conclusions

A first-time campaign that involved a short-range lidar system co-located with an
in situ station was deployed at the ACTRIS AGORA facility (Granada, Spain). Good
correlations between the time series of range-corrected lidar signals averaged from a full
overlap height of up to 150 m, the in situ extinction, the bsorption coefficients, and the total
aerosol concentration were found. Two periods were selected to calibrate the lidar system,
assuming a homogeneous atmosphere with no sudden aerosol intrusions. Thanks to these
findings, a methodology that combines lidar and in situ instruments was developed to
quantify the temporal evolution of the lidar ratio and spatio-temporal evolution of the
extinction coefficient during the campaign.

The data were averaged before, during, and after the emission peak to better link
the temporal evolution of the aerosol radiative properties involved in this work with the
atmospheric boundary layer transitions. In the classification, the first time slot refers to data
before the emission peak, which considers the remaining particles within the urban residual
layer during the night, while the second block contains the data during the emission peak,
where new particles are emitted during the traffic rush hours, and those will be mixed
with those of the residual layer. Lastly, the classification ends with a time series after the
emission peak, where mixing aerosol processes and solar radiative effects start to play a
major role in atmospheric dynamics. During the emission peak, the lidar ratio oscillated
from 96 to 142 sr, while the lidar ratio before and after the emission peak reached values
ranging from 22 to 36 sr. The results point out the relevance of including measurements
of short-range lidar systems to better characterize the aerosol dynamics near the surface,
which is typically the blind zone of most classical lidar systems and that connects with
upper layers.

In a nutshell, this study helps us better understand the impact of near-to-surface BC
emissions in the ABL evolution. Also, it demonstrates new possibilities for exploring the
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aerosol dynamics near the surface, centering attention on the evolution of the residual layer
and mixing processes initiated by punctual emissions and the convection of aerosol particle
entrainment into the ABL.

For the near future, the following is planned:

• To continue enriching the calibration database to validate the robustness of the method-
ology.

• To better characterize lidar efficiency features such as detector noise, laser power, dark
current, and background noises.

• To develop new campaigns involving short-range, long-range, and in situ instruments to
connect the near-surface to upper atmosphere aerosol processes and their temporal evolution.
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60. Titos, G.; Lyamani, H.; Drinovec, L.; Olmo, F.; Močnik, G.; Alados-Arboledas, L. Evaluation of the impact of transportation
changes on air quality. Atmos. Environ. 2015, 114, 19–31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.5194/amt-8-1965-2015
http://dx.doi.org/10.5194/acp-22-8439-2022
http://dx.doi.org/10.1080/02786826.2017.1387229
http://dx.doi.org/10.1364/OE.427864
http://www.ncbi.nlm.nih.gov/pubmed/34265970
http://dx.doi.org/10.5194/acp-21-2211-2021
http://dx.doi.org/10.1364/AO.20.000211
http://www.ncbi.nlm.nih.gov/pubmed/20309093
http://dx.doi.org/10.1364/AO.24.001638
http://dx.doi.org/10.1175/1520-0450(1972)011<0482:DOAHDB>2.0.CO;2
http://dx.doi.org/10.1364/AO.23.000652
http://dx.doi.org/10.1016/j.atmosenv.2014.03.001
http://dx.doi.org/10.1016/j.scitotenv.2022.159657
http://www.ncbi.nlm.nih.gov/pubmed/36306849
http://dx.doi.org/10.1016/j.jqsrt.2019.106706
http://dx.doi.org/10.1016/j.jqsrt.2020.106953
http://www.ncbi.nlm.nih.gov/pubmed/33362295
http://dx.doi.org/10.5194/acp-20-14253-2020
http://dx.doi.org/10.1029/2022GL100514
http://dx.doi.org/10.1016/j.atmosenv.2015.05.027

	Introduction
	Field Campaign and Instrumentation
	Lidar LOW-Height Profiling Campaign (LiLOW)
	Remote-Sensing Instrument: Colibri Aerosol Lidar (CAL)
	In Situ Instruments

	Methodology
	Theoretical Approach: Lidar Equation
	Lidar Calibration and Overlap Correction

	Results
	Measurements Time Series Analysis
	Calibration of the Colibri Signal
	Aerosol Radiative Properties: Connection between In Situ and Colibri Measurements

	Discussion
	Conclusions
	References

