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Abstract: In this study, the feasibility of using ceilometer signals to retrieve radiative forcing values is
evaluated. The Global Atmospheric Model (GAME) radiative transfer model is used to estimate the
shortwave and longwave radiative forcing using an aerosol parameterization based on AERONET data
and vertical profiles from a Lufft CHM-15k Nimbus ceilometer. First, eight cases confirmed as dusty
days are analyzed to check the feasibility of using ceilometer profiles to feed GAME. The obtained
radiative forcing estimates are in good agreement with the literature showing negative values in the
short wave (SW) (cooling effect) and positive values in the long wave (LW) (heating effect), both at all
levels. As in the literature, radiative forcing estimates show a strong dependence on variations in the
aerosol optical depth (AOD), solar zenith angle (θz), surface temperature (ST), and single scattering
albedo at 440 nm (SSA440). Thus, GAME can be fed using ceilometer measurements obtaining reliable
results. Then, as the temporal evolution of the AOD440 between 27 January and 15 June compared to
the 6-year weekly AERONET AOD440 average (from 2014 to 2019) shows a decrease because of the
lockdown imposed in Spain due to the COVID-19, a total of 37 radiative forcing calculations without
African dust, divided into 8 scenarios, are performed in order to check the effect of the lockdown
measures in the radiative forcing. It is shown that the decrease in the AOD, during the lockdown,
caused a decrease in the cooling effect in the SW spectral range at all levels. Besides, the increase
in the ST increased the heating effect of the aerosols in the LW at the top of the atmosphere and the
presence of pollution and absorbing particles (SSA440 < 0.90) caused an increase of the heating effect
in the LW at the surface. Therefore, the observed variations in the radiative forcing estimates before
and during the lockdown are directly related with the decrease in emissions of aerosols related to
human activities.

Keywords: radiative forcing estimates; aerosols; ceilometer signals; lockdown; COVID-19; sanitary crisis

1. Introduction

Natural and anthropogenic atmospheric aerosols cause great effects in many atmospheric processes,
for instance, hydrological cycle, cloud cover, precipitations, and atmospheric radiative budget [1].
Therefore, anomalous atmospheric situations, in terms of air quality, might also have significant
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consequences in terms of radiative forcing, which is directly related to aerosol optical and microphysical
characteristics [2].

Local aerosol radiative forcing is estimated by means of radiative transfer models (RTM),
such as SBDART [3], Streamer [4], MODTRAN [5], libRadtran [6], or the Global Atmospheric Model
(GAME) [7,8]. The aerosol optical properties used as input in the RTMs can be retrieved from
experimental measurements in the short wave (SW) spectral range. However, as the current remote
sensing techniques do not allow direct retrieval of all the necessary data for the long wave (LW) spectral
range, data should be retrieved from light scattering codes or consulted in tables [2]. In spite of this
difficulty, radiative forcing in the LW cannot be neglected in radiative forcing calculations because
it has been demonstrated that this component can reach between a fifth and a quarter of the SW
radiative forcing at all levels [2,9,10]. Moreover, in both SW and LW spectral ranges, because of their
significant influence, some specific atmospheric parameters not directly related to the aerosols such as
relative humidity profile, surface albedo, or surface temperature that can be retrieved from satellite or
radiosonde data, must also be taken into account.

There are many studies in the literature focused on the estimation of the aerosol radiative forcing
during African dust outbreaks in several Mediterranean sites (see, e.g., in [1,2,10–16]). In general,
data used in those studies come from intensive measurement campaigns; thus, they are generally
valid only locally [9,17]. Therefore, observational networks acquire great importance for the spatial
characterization of aerosol properties. As an example, the global Aerosol Robotic NETwork (AERONET;
http://aeronet.gsfc.nasa.gov/) [18–20], which has robotic sun and sky photometers deployed worldwide,
is one of the recognized instruments for the retrieval of column-integrated aerosol properties or the
European Aerosol Research Lidar Network (EARLINET) [21], included in the European Research
infrastructure for the observation of Aerosol, Clouds and Trace Gases (ACTRIS). Light detection and
ranging (Lidar) systems are well-known active remote sensing instruments for the vertically resolved
characterization of aerosol optical and microphysical properties [22], besides the ones belonging to
EARLINET are advanced systems with elastic (355, 532, and 1064 nm) and Raman (387 and 607 nm)
channels, the so-called 3 + 2 configuration; besides, some of them present depolarization capabilities
and water vapor channels.

In addition, satellite measurements, such as those performed by CALIOP (Cloud-Aerosol Lidar
with Orthogonal Polarization) [23] or MODIS (MODerate resolution Imaging Spectroradiometer) [24],
can provide spatial coverage that may improve the determination of aerosol radiative effects at
regional [12,25–27] or global scales [28,29]. However, the poorer temporal resolution of satellite
measurements in comparison with ground-based instruments is not enough to study down to
the last detail the temporal evolution of the atmosphere at local or regional scale, for instance,
CALIPSO overpasses every AERONET or EARLINET site only two times each 16 days. This temporal
gap can be covered by unmanned-unattended instruments that are not as advanced as the EARLINET
Lidars but can run continuously (day and night), can be easily transported and set up and present a
small field-of-view which removes multiple scattering concerns such as micro-pulse Lidars (MPL) [30]
or ceilometers at 1064 nm [31].

The aim of the present work is to evaluate the feasibility of retrieving 1-D aerosol radiative forcing
of different types of aerosols from ceilometer signals. It is worth noting that the works commented
above are focused on mineral dust; however, this work is focused on the radiative forcing in absence of
mineral dust, taking advantage of the exceptional atmospheric situation caused by the appearance of
coronavirus SARS-CoV-2 and its associate illness “coronavirus disease 2019” (COVID-19), which has
been a great challenge to humankind and its health, environmental, and socio-economic consequences
are far to be completely assessed. One of the main exceptional measures to fight against this challenge is
the lockdown, imposed in many countries worldwide such as Spain, France, Italy, UK, USA, Argentina,
India, Australia, or Ruanda among others, which measures have produced significant social and
economic changes. For instance, the lockdown measures have greatly decreased the road traffic and
the industrial activity and, therefore, have caused an exceptional situation in the air pollutant emission
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scenarios providing a great opportunity to study the impact of these measures on the air composition;
the air quality, especially in the most affected urban areas; and evaluate, in terms of power per unit
area, the pollutants role in the Earth’s radiation budget.

According to [32], the major cities under lockdown measures (e.g., Los Angeles, New York, NY,
USA, London, UK, or Mumbai, India) have shown a sharp decrease in gaseous and particle pollution
ranging between −9% and −60% compared to data collected during the previous year and between
+2% and −55% compared to the 5-year data averaged from 2014 to 2018. In Spain, the lockdown
measures were imposed to all non-essential industries and activities by the publication of the 14 March
Royal Decree 463/2020, which declared a state of alarm due to the COVID-19 sanitary crisis [33].
Later, these lockdown measures were reinforced by the 27 March Royal Decree 10/2020 [34] and,
as a result, a reduction in NO2 concentrations was observed in Barcelona and Madrid, about 50%
and 62%, respectively [35]. Besides, in Barcelona, the authors of [36] showed that the black carbon
and O3 concentrations were reduced by half and PM10 decreased but in much lower proportion.
Therefore, it can be claimed that the lockdown measures have caused a drastic drop in emissions of
many air pollutants.

Then, the radiative forcing estimates from ceilometer signals are used to assess the impact of
the lockdown measures on the radiative forcing over Madrid. Besides, as the effect on the radiative
budget, and therefore the radiative forcing, of both natural and anthropogenic aerosols still shows
large uncertainty [37], the potential results that can be obtained in this study can be highly relevant
for air quality and climate change issues. This task was addressed by means of well-known tools
as the GAME radiative transfer model and the adaptation to a different wavelength, from 532 to
1064 nm, of the method developed by [10]. The present work uses measurements at 1064 nm from
the Lufft CHM15k-Nimbus ceilometer, deployed in the Research Centre for Energy, Environment
and Technology (CIEMAT, Madrid, 40.45N; 3.72W), which was continuously measuring during the
lockdown. Ceilometer information was thus combined with ancillary satellite and ground-based data
to estimate aerosol radiative properties in both SW and LW spectra. Then, different African dust events
that impacted the measurement site were identified and used to estimate mineral dust radiative forcing
values from ceilometer measurements, which were compared to previous works. Finally, once the
methodology was validated, it was applied to the exceptional situation lived in Spain for several
months due to the estate of alarm, in order to quantify the radiative consequences of the lockdown
measures over Madrid.

The paper is structured as follows. Section 2, “Materials and Methods”, includes a brief description
of the instrumentation and the dataset used to feed GAME. Section 3, “Results”, is devoted to the
description of the methodology, its validation by comparison to the literature, and the estimation of
the radiative forcing values before and during the lockdown. Section 4, “Discussion”, includes an
in-depth analysis of the results observed in Section 3. Finally, Section 5 includes a short summary and
concluding remarks.

2. Materials and Methods

2.1. Site and Instrumentation

As Figure 1 shows, the monitoring station of the Department of Environment of the CIEMAT
(yellow bullet) is located in the center of the Iberian Peninsula (40.45N; 3.72W; 669 m.a.s.l.) in the
northwest part of Madrid, a city with a population of about 3.2 million that suffers almost every year
from pollution episodes and frequent African dust outbreaks [38]. The Madrid airport (blue bullet),
where the radiosondes were launched, and Madrid AERONET station, where the sun-photometer is
located (red bullet), are also shown in Figure 1.
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AERONET sun photometer [18], operating since 2012 at the Spanish meteorological agency (AEMET), 
about 500 m away from the monitoring station, and a co-located multi-wavelength Lidar which 
belongs to EARLINET [21], included in ACTRIS.  

As has been explained in the previous section, the14 March Royal Decree 463/2020 declared a 
state of alarm due to the COVID-19 sanitary crisis, the so-called lockdown period, and introduced 
restrictions to mobility, i.e., people only could circulate through a public road individually to do the 
groceries, go to the doctor, or the office or other acts of force majeure. Transports and all non-essential 
industries and activities such as visiting sports venues, museums, libraries, and other cultural places 
or bars and restaurants were also significantly reduced or even forbidden [33].  

Then these restrictions were reinforced by the 27 March Royal Decree 10/2020 [34], total 
lockdown period. The latter took place between 28 March and 9 April and limit some industries 
classified as essential, for instance the construction sector that remained operating after the 14 March 
Royal Decree 463/2020 was limited during those 10 days, and just the vital sectors as food industry 
remained operating during the total lockdown period, causing a remarkable change in the aerosol 
optical properties (see Section 3.2).  

2.2. CHM15k-Nimbus Ceilometer 

The ceilometer CHM15k-Nimbus operates with a pulsed Nd: YAG laser emitting at 1064 nm. 
According to the manufacturer, the output power per pulse is 59.5 mW with a repetition frequency 
ranging between 5 and 7 kHz. The temporal resolution is 15 seconds and the vertical resolution is 15 
m, with the maximum height being 15,360 m.a.g.l. The field of view of the telescope that collects the 
laser backscattered signal is 0.45 mrad and the laser beam divergence is less than 0.3 mrad. At the 

Figure 1. Geographical location of the monitoring site (yellow point), Madrid AERONET station
(red point), and the Madrid airport (blue point), where the radiosondes were carried out.

The site has operated a Lufft CHM15k-Nimbus ceilometer [31,39] since December 2019, has an
AERONET sun photometer [18], operating since 2012 at the Spanish meteorological agency (AEMET),
about 500 m away from the monitoring station, and a co-located multi-wavelength Lidar which belongs
to EARLINET [21], included in ACTRIS.

As has been explained in the previous section, the14 March Royal Decree 463/2020 declared a
state of alarm due to the COVID-19 sanitary crisis, the so-called lockdown period, and introduced
restrictions to mobility, i.e., people only could circulate through a public road individually to do the
groceries, go to the doctor, or the office or other acts of force majeure. Transports and all non-essential
industries and activities such as visiting sports venues, museums, libraries, and other cultural places
or bars and restaurants were also significantly reduced or even forbidden [33].

Then these restrictions were reinforced by the 27 March Royal Decree 10/2020 [34], total lockdown
period. The latter took place between 28 March and 9 April and limit some industries classified
as essential, for instance the construction sector that remained operating after the 14 March Royal
Decree 463/2020 was limited during those 10 days, and just the vital sectors as food industry remained
operating during the total lockdown period, causing a remarkable change in the aerosol optical
properties (see Section 3.2).

2.2. CHM15k-Nimbus Ceilometer

The ceilometer CHM15k-Nimbus operates with a pulsed Nd: YAG laser emitting at 1064 nm.
According to the manufacturer, the output power per pulse is 59.5 mW with a repetition frequency
ranging between 5 and 7 kHz. The temporal resolution is 15 s and the vertical resolution is 15 m,
with the maximum height being 15,360 m.a.g.l. The field of view of the telescope that collects the laser
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backscattered signal is 0.45 mrad and the laser beam divergence is less than 0.3 mrad. At the end of
the optical chain, after the telescope an avalanche photodiode in photon-counting mode detects the
backscattered signal. According to the manufacturer, the overlap of the telescope and the laser beam is
90% complete between 555 and 885 m.a.g.l., and according to the work in [31], the complete overlap is
found about 1500 m above the instrument.

Retrieval of Ceilometer Backscattering Coefficient Profile

Following the methodology presented in [39], the attenuated backscatter obtained from the
ceilometer signals is used to estimate the backscattering coefficient that allows monitoring and
comparing singular events. As the authors of [39] show, it is possible to apply the Klett–Fernald
inversion [40–43] to ceilometer data, by manually selecting the necessary reference height (Zre f ).
The presence of a multi-wavelength Raman lidar, belonging to EARLINET, co-located with the
ceilometer is leveraged to quantify the differences between the ceilometer backscattering coefficient
inversions and the inversions calculated independently with the Raman lidar.

A total of 6 measurements, summarized in Table 1, performed by the multi-wavelength lidar
are analyzed. These measurements present different temporal averaging, from 20 to 90 min in
different days in order to estimate particle backscatter coefficients in different atmospheric situations.
Elastic inversions using the Klett–Fernald method are applied to the averaged profiles at 1064 nm
using a fixed Lidar ratio of 50 sr. The spatial resolution of the multi-wavelength Lidar (3.75 m) has
been downscaled to 15 m for the comparison with the ceilometer. The elastic inversion following
the Klett–Fernald method is applied to the same 6 selected periods. In both systems, the Zre f is
selected manually.

Table 1. Characteristics and statistical parameters of the 6 cases.

Case # Day Hour (UTC) NMB [%] R

1 14-07-2020 16:30–17:27 4.59 0.9930
2 14-07-2020 20:30–21:31 15.68 0.9866
3 15-07-2020 14:00–15:01 13.80 0.9975
4 15-07-2020 18:00–19:01 2.17 0.9955
5 20-07-2020 15:17–15:39 2.55 0.9964
6 20-07-2020 20:01–20:30 0.17 0.9894

As in [39], the quality of the inversions of the 6 studied cases is determined by two statistical
parameters that measure the agreement between the ceilometer and lidar backscatter coefficients,
the first one is the normalized mean bias (NMB),

NMB [%] =

∣∣∣βceil − βlidar

∣∣∣
βlidar

∗ 100 (1)

where βceil and βlidar represent the mean particle backscatter coefficients estimated from ceilometer and
Lidar signals, respectively. The second statistical parameter is the correlation coefficient (R) of the
profiles. Both statistical parameters for the 6 cases can be found in Table 1. The threshold selected
for the two statistical parameters in order to determine if the inversions present a good quality were
defined in [39]: NMB < 15% and R > 0.92.

Therefore, it can be inferred that 5 cases (cases 1, 3, 4, 5, and 6) present a good quality inversion
and only one case does not fulfill the criteria. Figure 2 shows the 6 cases; the blue lines correspond to
the 5 cases that fulfill both criteria while case 2 is shown in red.
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important AOD-derived products for radiative forcing calculations and therefore for this work are 
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Figure 2. Lidar (red and blue lines) and ceilometer (black lines) backscattering coefficient profiles for
the 6 cases detailed above. The case marked in red do not fulfill the NMB and R criteria. Errors bars in
Lidar and ceilometer profiles have been estimated using the Monte Carlo method [21].

The first kilometer is not shown in Figure 2 due to the overlap effect explained above.
Case 2 presents huge error values at 2 km, probably caused by the presence of clouds during
the measurement, which are responsible of the high NMB value (15.68%).

Once has been demonstrated that the ceilometer signals are equivalent to the Lidar signals at
1064 nm, previous ceilometer signals are used to study the evolution of radiative forcing values during
the COVID-19 lockdown by means of the GAME radiative transfer model.

2.3. AERONET Sun Photometer

AERONET is a network that, by means of worldwide deployed automated sun and lunar
photometers, the latter of which used for nighttime operation, provides worldwide observation of
aerosol optical, microphysical, and radiative properties. The sun photometers, that are described in
detail in [18], are robotically pointed sun/sky spectral radiometers named CIMEL CE 318 photometer,
which principally measures direct solar irradiances and sky radiances (in the almucantar and principal
plane scenarios) at several wavelengths that are between 340 and 1020 nm. The main product provided
by AERONET is the aerosol optical depth (AOD) that according to [44] presents a wavelength-dependent
accuracy at overhead sun and assuming an air mass value equal to 1, thus in the UV band presents
the minimum accuracy with a root mean square error about ±0.012 while in the IR band the AOD
presents the minimum root mean square error (±0.006). Several products are retrieved from the AOD
and sky radiances values, using an algorithm described in [19,45]. The most important AOD-derived
products for radiative forcing calculations and therefore for this work are the columnar particle size
distribution, asymmetry factor (asy), and single scattering albedo (SSA). Besides, these works also
detail the errors associated to the retrieval of these AOD-derived products, thus in the case of the
particle size distribution, for particles whose radius falls between 0.1 and 7 µm the error in the retrievals
are around 10 and 35%, whereas for radii below 0.1 or above 7 µm the retrieval errors increase to
values around 80 and 100%. The error associated to the retrieval of SSA, which is about ±0.03 for
AOD values greater than 0.4 (considered as high aerosol load) and solar zenith angle (θz) greater than
50◦ and ±0.02 for AOD lower than 0.2 (considered as low aerosol load). At the moment this work
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was performed, Level 2.0 AERONET sun photometer data were not available and therefore Version 3
Level 1.5 AERONET sun photometer data is used to determine the columnar aerosol properties.
Due to the use of Level 1.5 AERONET data, some uncertainties associated to the estimation of the
SSA can be propagated to the radiative forcing estimates. In order to give light to those uncertainties,
a perturbation analysis has been performed showing that small variations in the SSA lead to variations
in the radiative forcing values, therefore the individual values must be analyzed carefully.

2.4. EARLINET Lidar

At the CIEMAT site (Madrid), a ground-based Raman Lidar station belonging to EARLINET is in
regular operation. The characteristics of EARLINET, its main goal, and the required set-up to be part
of the network can be found in [21]. The Lidar system is a laboratory equipment based on a Nd:YAG
pulsed laser source (Spectra Physics LAB170-30) emitting the fundamental (1064 nm), 2nd, and third
harmonics (532 and 355 nm) at 30 Hz and a 30 cm diameter Newtonian telescope, which acts as a
light receiver and a detection block including a photon-counting acquisition system. The instrument
is operated vertically due to safety reasons. Other instrument characteristics have been described
elsewhere [46]. Lidar signals are recorded with 1-min resolution (1800 laser pulses), but later 30 to
60 min files are averaged in order to derive vertically-resolved aerosol extinction coefficient profiles
with signal-to-noise ratio values larger than 3 up to the tropopause. The noise component is estimated
from altitudes between 25 and 30 km, where the laser light contribution can be considered negligible.
In the present work, only the elastic channel at 1064 nm is employed to derive vertical profiles by
means of the Klett–Fernald algorithm [40–43] using an aerosol extinction-to-backscatter ratio of 50 sr,
typical for continental aerosol. The Rayleigh extinction coefficient has been calculated based on the
revision of the theory [47] using vertical profiles of meteorological data from the AEMET radiosonde
station at the Barajas airport, located 15 km away from the measurement site.

2.5. GAME Main Features and Input Parameters

The GAME code, which has satisfactorily demonstrated its capabilities to estimate the aerosol
radiative forcing in previous works such as, e.g., in [1,9,10,16], is widely described in [7,8] and its LW
part in [2]. This model is used in the present work to simulate SW and LW radiative fluxes with and
without aerosols and, hence, to estimate the radiative forcing at the bottom of the atmosphere (BOA)
and at the top of the atmosphere (TOA) during the COVID-19 lockdown in Spain. The radiative forcing
is defined as the change in the radiation levels due to the atmospheric aerosols:

RFBOA =
(
FDN

BOA − FUP
BOA

)
−

(
FDN,0

BOA − FUP,0
BOA

)
(2)

RFTOA =
(
FDN

TOA − FUP
TOA

)
−

(
FDN,0

TOA − FUP,0
TOA

)
; RFTOA = FUP,0

TOA − FUP
TOA (3)

where F stands for radiative flux, the superscripts DN and UP indicate whether the fluxes are downward
or upward, respectively, and 0 points out the radiative fluxes without aerosols. The simplification of
Equation (3) implies that the amount of the incoming solar radiation is equal with and without aerosols
at the TOA.

It is worth to note that LW fluxes are often neglected in regional and global climate models [2],
but [2,9,10] show that the LW component of the radiative forcing represents between 20% and 25%
of the SW radiative forcing, pointing out that both spectral ranges must be considered to avoid
overestimations on mineral dust cooling effect. The SW and LW fluxes are estimated in two adjustable
spectral ranges using the discrete ordinates method [48] at the boundaries of plane and homogenous
atmospheric layers. Thus, in this work the SW spectral range is set between 0.3 and 4 µm and the
LW spectral range is set between 4 and 37 µm. Besides, GAME presents a variable spectral sampling,
depending on the spectral range considered and the wave number in the SW spectral range. On the
other hand, the LW spectral range presents a fixed spectral sampling of 115 values.
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GAME presents a variable spatial resolution, thus the LW part of the code is divided into 40 vertical
levels between ground and 100 km height: 1km from the surface to 25 km height, 2.5 km between
25 and 50 km, 5 km from 50 to 60 km, and 20 km between 80 and 100 km. The SW version is divided
into 18 vertical levels between ground and 20 km height with a resolution of 5m from the surface to
10 m, 10 m between 10 and 50 m, 50 m between 50 and 100 m, 100 m between 100 and 200 m, 1 km
between 1 and 2 km, 2 km between 2 and 10 km, and 10 km between 10 and 20 km.

Table 2 lists the main parameters used as inputs of GAME in the SW and LW spectral range;
it is worth noting that some of these characteristics can be tuned depending on the type and the
characteristics of the research carried out. Thus, in order to retrieve the radiative forcing, GAME is
firstly fed by the vertical distribution of aerosols, which is obtained from ground-based extinction
profiles (see Section 2.1) calculated from the CHM15K-Nimbus ceilometer backscattering coefficient at
1064 nm (β1064). Then, SSA, asymmetry factor (asy), and particle size distribution from AERONET
are also used as inputs. Finally, GAME is also fed with meteorological profiles including vertically
resolved temperature, pressure, relative humidity, air density, and O3 concentration retrieved from
radiosonde data. The radiosondes are launched at 00 and 12 UTC every day from the Madrid-Barajas
station, which is located about 15 km away from the measurement site.

This dataset composed by extinction profiles, AERONET, and radiosonde data has been validated
in the literature [1,9,16,49]. The extinction coefficient profiles and AOD considered in the study are
assumed to be due to the mineral dust particles in the validation section and due to a mix of local
natural and anthropogenic aerosol during the COVID-19 lockdown. The satellite data are taken
from COPERNICUS Global Land Services, which uses a constellation of geostationary satellites
(Meteosat Second Generation, GOES, MTSAT/Himawari) and provide hourly data. Measures of land
surface temperature (ST) and surface albedo close to the selected time for the averaged ceilometer
measurements are chosen. The time-dependent or imaginary part of the refractive indices used for the
SW calculations are taken from AERONET sun photometer measurements while the time-independent
or real part of the refractive indices used in this study for the LW spectral range are taken from in [50].

Table 2. Input parameters for the GAME model and data sources in the SW and LW spectral ranges.
Note that the sources of the input and some parameters can be adjusted depending on the characteristics
of the research.

Parameters Shortwave Longwave

Spectral range
(adjustable) 0.3–4 µm 4–50 µm

Number of sub-bands
(non-adjustable) 167 115

Atmospheric
parameters

(different sources)

Atmospheric profile Radio soundings Radio soundings
H2O Radio soundings Radio soundings

O3 profile U.S. standard atmosphere U.S. standard
atmosphere

Absorption coefficients of main gases HITRAN HITRAN
Surface albedo COPERNICUS Global land service -
LW emissivity - CERES

Meteo parameters
(different sources)

At surface COPERNICUS Global land service
<20 km Radio soundings
>20 km U.S. standard atmosphere

Aerosols
(different sources)

AOD Ceilometer extinction coefficient,
AERONET Mie calculation

Single-scattering albedo AERONET Mie calculation
Asymmetry factor AERONET Mie calculation

Aerosol vertical distribution Ceilometer signal Ceilometer signal
Size distribution - AERONET

Fine and coarse mode radius - AERONET
Fine and coarse mode concentration - AERONET

Refractive index - Krekov [50]



Remote Sens. 2020, 12, 3699 9 of 23

3. Results

3.1. Comparison of the Aerosol Radiative Forcing Estimates with Previous Studies

Before the estimation of the radiative forcing due to aerosols, dust radiative properties in the SW
and LW spectra are estimated and compared with mineral dust radiative forcing values from previous
works in order to validate the methodology and, therefore, the estimated radiative forcing values.
The need for this evaluation is given by the fact that the significant researches in the literature that used
GAME, for instance, in [2,9–11,14,49,51] among others, are mainly focused in the study of African dust
outbreaks. Mineral dust is frequently injected from desert regions of North Africa into the atmosphere
through resuspension processes and then carried, at different altitudes, across the Mediterranean basin
to Europe [52]. According to the work in [53], central Spain is affected by mineral dust events most
frequently during summer but also during winter, though more sporadically.

The criterion followed to identify dusty days over the study site is the one used since 2004 by the
Spanish and Portuguese governments. This is one of the official methods recommended by the European
Commission to detect and identify African dust episodes [54] and its soundness has been demonstrated
in the literature [55–58]. The methodology, widely described in [58], is based on the interpretation
and daily consultation of data retrieved from multiple sources as back-trajectories computed by the
HYSPLIT (Hybrid Singles Particle Lagrangian Integrated Trajectory Model) [59] model, satellite image,
synoptic meteorological charts, and different dust forecast models, namely, SKIRON (University of
Athens, https://forecast.uoa.gr/en/forecast-maps/dust/europe), NMMB/BSC along with BSC-DREAM8b
v2.0 (Barcelona Supercomputing Center, http://www.bsc.es/projects/earthscience/DREAM/) and NAAPS
(Naval Research Laboratory in Monterey (CA), https://www.nrlmry.navy.mil/aerosol/).

In this study, eight cases were selected and analyzed, for which back-trajectories and products from
dust forecast models indicated the presence of African dust over the center of the Iberian Peninsula.
Thus, the radiative forcing values for the different eight cases are given in Table 3. A negative or
positive sign of the aerosol radiative forcing determines whether the aerosols produce a cooling or a
heating effect [60].

Table 3. Mineral dust radiative forcing (RF, last four columns), at the surface (BOA), and the top of
the atmosphere (TOA) for the LW and SW, estimated for the 8 African dust events. Time refers to the
ceilometer start time (all ceilometer measurements are of 1 h duration). AOD, SSA (single scattering
albedo), and asy (asymmetry factor) are measured by the AERONET sun photometer at 440 nm.
θz stands for the solar zenith angle in degrees. Surface albedo, taken from COPERNICUS Global Land
Services, is 0.013 for every case. ST is the surface temperature taken from COPERNICUS Global Land
Services. Fine-mode-fraction is shown together with its standard deviation, provided by AERONET.
The letter “d” in the case number denotes that these 9 cases are affected by mineral dust.

Case Day
Time
(UTC)

θz
[◦] AOD440 SSA440 asy440

Fine-
Mode-

Fraction

ST
[K]

RF [W m−2]

SW
BOA

SW
TOA

LW
BOA

LW
TOA

1d 04-02-2020 16:31 79.53 0.18 0.71 0.73 0.59 ± 0.09 287.07 −25.39 −8.45 +5.47 +1.46
2d 07-02-2020 16:26 78.02 0.33 0.91 0.76 0.56 ± 0.11 283.34 −32.71 −22.49 +7.98 +3.68
3d 28-02-2020 8:33 83.38 0.24 0.95 0.74 0.23 ± 0.09 274.55 −19.89 −12.64 +11.98 +3.44
4d 19-03-2020 11:50 41.75 0.70 0.94 0.77 0.24 ± 0.12 290.85 −66.39 −46.72 +3.84 +3.30
5d 24-03-2020 6:26 87.77 0.18 0.97 0.73 0.55 ± 0.12 286.67 −1.31 −2.68 +5.27 +2.75
6d 29-03-2020 8:11 78.21 0.13 0.93 0.72 0.80 ± 0.16 280.47 −13.65 −9.10 +1.17 +0.43
7d 08-05-2020 8:35 63.48 0.19 0.93 0.71 0.53 ± 0.09 295.37 −24.69 −13.62 +6.24 +1.69
8d 08-05-2020 17:14 67.66 0.19 0.93 0.68 0.57 ± 0.08 300.11 −24.19 −13.68 +7.02 +2.51

Figure 3 is composed of maps from BSC-DREAM8b v2.0 (Figure 3a), NMMB/BSC (Figure 3b),
NAAPS (Figure 3c), and SKIRON (Figure 3d) dust forecast models, for one of the cases presented
in Table 3, concretely the case 3d (28 February). Green (Figure 3a–c) and brown (Figure 3d) areas
confirm the presence of mineral dust over the Iberian Peninsula, and therefore over the measurement

https://forecast.uoa.gr/en/forecast-maps/dust/europe
http://www.bsc.es/ projects/earthscience/DREAM/
https://www.nrlmry.navy.mil/aerosol/
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site, during the chosen day. The good agreement obtained among the maps provided by the different
models confirms that this day can be classified as dusty day.Remote Sens. 2020, 12, x FOR PEER REVIEW 11 of 24 

 

 

Figure 3. Maps of total dust load (a,b,d) and optical depth values (c) over the Iberian Peninsula 
predicted for 28 February by the BSC-DREAM8b v2.0 (a), NMMB/BSC (b), NAAPS (c), and SKIRON 
(d) dust models. Colored areas (a–c) and brown areas (d) point out the presence of mineral dust in 
the atmosphere. Arrows in panels (a,b) stand for wind direction. 
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while case 1d presents, with a low AOD440 value (0.18), radiative forcing values about −25.39 𝑊 𝑚ିଶ 
at the BOA and −8.45 𝑊 𝑚ିଶ at the TOA. Therefore, the radiative forcing in the SW is directly related 
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In the LW spectral range the radiative forcing estimated values are consistent with the values 
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Figure 3. Maps of total dust load (a,b,d) and optical depth values (c) over the Iberian Peninsula
predicted for 28 February by the BSC-DREAM8b v2.0 (a), NMMB/BSC (b), NAAPS (c), and SKIRON (d)
dust models. Colored areas (a–c) and brown areas (d) point out the presence of mineral dust in the
atmosphere. Arrows in panels (a,b) stand for wind direction.

In the SW spectral range, the radiative forcing estimates present a cooling effect (values ranging
between −1.31 and −66.39 W m−2 at BOA and between −2.68 and −46.72 W m−2 at TOA), while in the
LW spectral range, they present a heating effect (values ranging between +1.17 and +11.98 W m−2 at
BOA and between +0.43 and +3.68 W m−2 at TOA), being, in general, the heating effect in the case of
the LW spectral range lower than the cooling effect of the SW.

The range of values of the SW radiative forcing is consistent with forcing measurements made
in Madrid [58], other locations as Granada [1], Barcelona [2], Southwestern Spain [61], Italy [16],
and central Europe [10]. For instance, the authors of [58] found values at the surface ranging between
−15 and−60 W m−2 and between−1 and−40 W m−2 at TOA, depending on the aerosol load. The authors
of [2] found values of −55.4 W m−2 and −22.8 W m−2 at the BOA and at the TOA respectively for
AOD500 = 0.38, while for AOD500 = 0.17 found −24.4 W m−2 at the BOA and −6.6 W m−2 at the TOA.
In the present work, case 4d presents the highest AOD440 (0.70) and the highest, in absolute terms,
radiative forcing at the SW (−66.39 W m−2 and −46.72 W m−2 at the BOA and the TOA respectively),
while case 1d presents, with a low AOD440 value (0.18), radiative forcing values about −25.39 W m−2

at the BOA and −8.45 W m−2 at the TOA. Therefore, the radiative forcing in the SW is directly related
with the aerosol load; that is, the bigger the AOD, the greater the cooling effect.
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In the LW spectral range the radiative forcing estimated values are consistent with the values
found in previous works as [62,63] and some of the works commented above [1,2,9,10,16]. In the
present work, the LW radiative forcing represents around 22% of the SW at the BOA and around 12%
at the TOA, except in case 5d because of its high solar zenith angle. These percentages are in agreement
with the differences between the SW and LW components found in [9], where the LW contribution is
less than 25% than the SW one.

It is worth noting that, because of the solar zenith angle, cases 3d (θz = 83.38o) and 5d (θz = 87.77o)
break the previous rules; therefore, comparing case 5d to case 6d, a case with a lower solar zenith angle
(θz = 78.21o) and AOD440 (0.13) 28.18% lower, in the SW at the surface (BOA) the cooling effect of case
5d (−1.31 W m−2) is 90.40% lower than the one of case 6d (−13.65 W m−2). At the TOA the difference is
about 70.55% between both cases (−2.68 and −9.10 W m−2). Case 3d presents a similar behavior if it is
compared to case 7d, a case with a lower solar zenith angle (θz = 63.48o), that is, the AOD440 of case 3d
is about 0.24, a 17.52% greater than the AOD440 of case 7d (0.19). In spite of this difference, the cooling
effect at the BOA for case 3d is about −19.89 W m−2 and at the TOA is −12.64 W m−2, while for case 7d,
the cooling effect at the BOA and at the TOA is about −24.69 W m−2 (24.13% greater than case 3d) and
−13.62 W m−2 (7.75% greater), respectively. Therefore, during the first or last hours of the day when
the solar zenith angle is close to 90o (low solar incoming radiation), the cooling effect of the aerosols is
much lower in spite of the high AOD. The LW radiative forcing also presents a greater impact on the
Earth radiative budget than the SW radiative forcing. For instance, in the study of [2] low radiative
forcing values were found in cases of high AOD associated with large solar zenith angles.

3.2. Aerosols Radiative Forcing

3.2.1. AERONET AOD at 440 nm Temporal Evolution

Figure 4 shows the temporal evolution of the AERONET AOD at 440 nm (level 1.5 data) weekly
mean values for the period between 27 January and 15 June and the 6-year weekly AERONET AOD440

average for the period 2014 to 2019 in the same dates, for Madrid AERONET station. In this figure,
the time series of the AOD440 for the year 2020 are also included. For this year, the lockdown period that
began during week 11th (14 March) is marked in pink color. The beginning of the lockdown matched
with a Saharan dust event (in yellow), which causes a strong peak in the 2020 AOD440 (about 0.63),
while for the period 2014–2019 the AOD440 is much lower (about 0.03). Before the total lockdown
(between 27 March and 9 April, marked in green), the AOD440 of both time periods, 2014–2019 and
2020, match until week 15th, pointing out that the Saharan dust event that affects the 2020 data, is not
affecting anymore the optical properties. After that, the AOD440 values for the period 2014–2019
increase until week 17th from 0.14 to 0.19, while in 2020 the AOD440 decreases since week 15th from
0.14 to 0.08 in week 17th. The latter is the minimum AOD440 value found during the lockdown.
This decrease evidences the effect of the total lockdown period, showing in turn that the lockdown
had a clear effect on the aerosol loading. As has been shown above, a direct relation between AOD
and radiative forcing exists; therefore, the observed variation in the AOD440 due to the COVID-19
lockdown should have an effect in the radiative forcing that can be studied by means of the radiative
transfer model GAME.
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Figure 4. AERONET AOD at 440 nm temporal evolution. Blue line stands for 6-year weekly AERONET
AOD440 average (from 2014 to 2019). Red line stands for AERONET AOD440 weekly mean values in
2020. Gray line represents the difference between both lines; negative values point out lower AOD440

during 2020 compared to AOD440 values found in previous years. Colored areas stand for Saharan
dust events, lockdown period and total lockdown period during 2020 in yellow, pink and green,
respectively. Errors have been estimated using standard deviation. Only Saharan dust outbreaks
during the lockdown period are shown.

3.2.2. Aerosol Radiative Forcing

Specific ceilometer measures from January to May were selected to estimate the aerosol
radiative forcing due to anthropogenic activity in Madrid before and during the estate of alarm.
Measures obtained after 8 UTC in the morning were analyzed to assess the effect of the road traffic
during the very first hours of the workdays. Additionally, measures carried out in the afternoon after
16 UTC were obtained to assess the radiative effect of all the industrial activity and the road traffic
emissions accumulated along the day.

In Tables 4 and 5, the aerosol radiative forcing estimates, excluding mineral dust intrusions,
are presented for 18 and 19 different cases in the morning and in the afternoon respectively. In both
tables, the first 12 cases correspond to radiative forcing estimated before the lockdown, while the
remaining cases correspond to the radiative forcing estimated in the lockdown period. As for the
radiative forcing induced by mineral dust, all the cases present a cooling effect both at the TOA and at
the BOA in the SW spectral range while in the LW a heating effect is observed. The authors of [58],
in agreement with the results of this research, found at the BOA and at the TOA in the absence of
mineral dust a cooling effect in the SW spectral range in the same region of study. These authors,
who found at the surface values ranging between −15 and −75 W W m−2 and at the TOA between
−1 and −35 W m−2, show that the radiative forcing at TOA presents a lower cooling effect than at
the BOA in the absence of mineral dust. In the present work, in the SW, the aerosol radiative forcing
ranges between −6.85 and −15.80 W m−2 in the morning and between −0.33 and −24.01 W m−2 in
the afternoon at the BOA and ranges between −1.25 and −6.87 W m−2 in the morning and between
−0.37 and −11.69 W m−2 in the afternoon at the TOA. Therefore, as in the work in [58], the cooling
effect at the BOA is greater than at the TOA. In the LW the heating effect at the BOA (values ranging
between +0.55 and +3.06 W m−2 for the morning cases and between +0.06 and +3.99 W m−2 for the
afternoon cases) is also greater than the heating effect at the TOA (values ranging between +0.04 and
+0.96 W m−2 for the morning case and +0.02 and +1.32 W m−2 for the afternoon cases) as in the 9 cases
with mineral dust.
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Table 4. Aerosol radiative forcing (last four columns), estimated for 28 different mornings without presence of mineral dust in the atmosphere, at the BOA and the
TOA for the LW and SW. Time refers to the ceilometer start time (all ceilometer measurements are of a duration of 2 h). Fine-mode-fraction is shown together with its
standard deviation, provided by AERONET. The letter “m” in the case number denotes that these are morning cases. Radiative forcing estimates considered as outliers
by the boxplots (see Figures 5 and 6) are marked in bold.

Case Day Time (UTC) θz [◦] AOD440 SSA440 asy440
Fine- Mode-

Fraction
ST [K]

RF [W m−2]
SW BOA SW TOA LW BOA LW TOA

1m 08-01-2020 8:30 82.95 0.09 0.90 0.81 0.61 ± 0.13 271.97 −8.98 −6.87 +0.55 +0.04
2m 09-01-2020 8:22 84.11 0.09 0.77 0.71 0.87 ± 0.17 274.96 −8.83 −2.49 +1.47 +0.04
3m 14-01-2020 8:20 84.13 0.19 0.84 0.71 0.88 ± 0.17 270.77 −15.80 −6.49 +0.77 +0.06
4m 18-02-2020 9:06 70.59 0.07 0.89 0.76 0.88 ± 0.27 275.44 −10.18 −3.95 +1.27 +0.23
5m 19-02-2020 8:30 76.04 0.08 0.89 0.72 0.84 ± 0.19 277.30 −10.98 −4.85 +2.12 +0.33
6m 20-02-2020 8:27 76.27 0.08 0.81 0.72 0.82 ± 0.18 276.23 −12.43 −3.72 +1.71 +0.15
7m 21-02-2020 8:32 75.16 0.06 0.74 0.74 0.77 ± 0.16 277.66 −11.15 −1.80 +2.48 +0.31
8m 22-02-2020 8:33 74.70 0.06 0.81 0.71 0.84 ± 0.19 277.81 −9.54 −3.00 +0.69 +0.06
9m 23-02-2020 8:28 75.25 0.04 0.84 0.74 0.78 ± 0.18 279.15 −6.85 −2.41 +0.80 +0.06
10m 26-02-2020 8:33 73.53 0.05 0.92 0.70 0.41 ± 0.12 278.82 −8.66 −4.10 +1.83 +0.45
11m 02-03-2020 8:57 68.02 0.05 0.80 0.74 0.83 ± 0.46 282.25 −10.21 −1.25 +3.06 +0.96
12m 11-03-2020 8:18 71.69 0.08 0.79 0.71 0.59 ± 0.09 283.89 −14.64 −2.52 +1.02 +0.35

13m 26-03-2020 8:22 66.06 0.06 0.86 0.73 0.66 ± 0.15 282.21 −9.59 −2.64 +0.87 +0.37
14m 20-04-2020 8:37 55.81 0.08 0.92 0.70 0.80 ± 0.13 284.73 −9.12 −4.11 +0.70 +0.28
15m 29-04-2020 8:20 56.77 0.07 0.91 0.72 0.60 ± 0.13 287.96 −9.11 −2.62 +0.36 +0.15
16m 18-05-2020 8:32 51.24 0.05 0.88 0.69 0.63 ± 0.08 293.93 −7.46 −1.75 +0.96 +0.19
17m 19-05-2020 8:25 52.45 0.06 0.87 0.69 0.63 ± 0.09 295.63 −8.20 −1.97 +1.29 +0.71
18m 20-05-2020 8:27 51.95 0.06 0.88 0.69 0.61 ± 0.09 297.88 −8.43 −1.92 +3.64 +1.28
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Table 5. Aerosol radiative forcing (last four columns), estimated for 30 different afternoons without presence of mineral dust in the atmosphere, at the BOA and the
TOA for the LW and SW. Time refers to the ceilometer start time (all ceilometer measurements are of a duration of 2 h). Fine-mode-fraction is shown together with its
standard deviation, provided by AERONET. The letter “a” in the case number denotes that these are afternoon cases. Radiative forcing estimates considered as outliers
by the boxplots (see Figures 5 and 6) are marked in bold.

Case Day Time (UTC) θz [◦] AOD440 SSA440 asy440
Fine- Mode-

Fraction
ST [K]

RF [W m−2]
SW BOA SW TOA LW BOA LW TOA

1a 08-01-2020 16:38 86.14 0.07 0.92 0.55 0.61 ± 0.01 279.70 −5.27 −4.14 +0.61 +0.11
2a 09-01-2020 16:20 83.26 0.15 0.80 0.55 0.74 ± 0.12 278.87 −13.83 −5.44 +1.30 +0.12
3a 14-02-2020 16:33 77.45 0.23 0.87 0.63 0.75 ± 0.13 284.65 −24.01 −11.69 +3.99 +0.99
4a 15-02-2020 16:26 76.07 0.15 0.93 0.53 0.74 ± 0.15 287.14 −16.98 −11.36 +0.06 +0.02
5a 16-02-2020 16:21 75.01 0.07 0.90 0.63 0.80 ± 0.14 288.08 −9.82 −4.42 +1.29 +0.35
6a 19-02-2020 16:26 75.08 0.07 0.86 0.53 0.64 ± 0.09 285.41 −10.54 −4.98 +2.24 +0.66
7a 20-02-2020 16:26 74.83 0.12 0.75 0.65 0.79 ± 0.14 287.17 −19.03 −4.29 +3.68 +1.06
8a 21-02-2020 16:41 77.09 0.08 0.68 0.65 0.68 ± 0.09 288.25 −13.16 −2.51 +1.53 +0.46
9a 22-02-2020 16:29 74.83 0.07 0.80 0.65 0.73 ± 0.11 289.56 −11.67 −3.68 +3.46 +0.94
10a 26-02-2020 17:03 79.69 0.03 0.83 0.66 0.60 ± 0.12 288.61 −5.67 −1.78 +2.43 +0.81
11a 02-03-2020 18:33 88.68 0.05 0.96 0.55 0.88 ± 0.65 282.25 −0.33 −0.37 +2.48 +0.67
12a 11-03-2020 16:11 67.38 0.11 0.79 0.53 0.33 ± 0.06 297.80 −20.84 −4.33 +2.84 +1.32

13a 01-04-2020 17:05 72.50 0.10 0.86 0.66 0.91 ± 0.22 287.19 −16.80 −4.38 +0.78 +0.30
14a 29-04-2020 16:24 59.67 0.09 0.97 0.55 0.60 ± 0.13 317.00 −11.97 −8.97 +0.92 +0.78
15a 10-05-2020 17:26 69.61 0.06 0.96 0.66 0.68 ± 0.14 294.11 −7.64 −4.52 +2.81 +1.32
16a 17-05-2020 16:18 55.76 0.09 0.97 0.57 0.62 ± 0.09 298.74 −9.89 −6.05 +2.58 +1.59
17a 18-05-2020 16:30 57.89 0.07 0.90 0.60 0.61 ± 0.07 302.54 −10.23 −3.78 +6.24 +2.94
18a 19-05-2020 16:27 57.19 0.06 0.89 0.54 0.65 ± 0.08 305.40 −8.01 −3.24 +4.39 +2.20
19a 20-05-2020 16:29 57.44 0.06 0.81 0.60 0.57 ± 0.07 305.74 −9.18 −2.39 +4.88 +2.26
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4. Discussion

The heating and cooling effect clearly show the consequences that the presence of mineral dust has
on the atmosphere: the mean radiative forcing values and their standard deviation found with mineral
dust are about −24.32 ± 18.34 W m−2 (BOA SW), −16.03 ± 13.44 W m−2 (TOA SW), 5.51 ± 3.47 W m−2

(BOA LW), and 2.15 ± 1.31 W m−2 (TOA LW), while the mean radiative forcing values found without
mineral dust before the lockdown are clearly lower: −11.04 ± 2.37 W m−2 (a decrease of about 54.60%),
−3.73 ± 1.80 W m−2 (76.73%), 1.54 ± 0.79 W m−2 (72.05%), and 0.27 ± 0.27 W m−2 (87.44%) for the
morning cases and −12.60 ± 6.91 W m−2 (48.19%), −4.92 ± 3.40 W m−2 (69.31%), 2.16 ± 1.23 W m−2

(60.80%), and 0.63± 0.42 W m−2 (70.69%) for the afternoon cases. The differences found between the dust
cases and the afternoon cases are lower than the differences between the dust cases and the morning cases
due to the activities that cause an increase of AOD during the day and the increase of the ST due to the
solar radiation. During the lockdown, the mean radiative forcing values and their standard deviation are
about −8.65 ± 0.77 W m−2, −2.50 ± 0.87 W m−2, 1.30 ± 1.18 W m−2, 0.50 ± 0.43 W m−2 for the morning
cases and −10.53 ± 3.12 W m−2, −4.76 ± 2.18 W m−2, 3.23 ± 2.04 W m−2 and 1.63 ± 0.92 W m−2 for the
afternoon cases.

The mean AOD440 retrieved by the AERONET sun photometer before the lockdown are about
0.08 ± 0.04 and 0.10 ± 0.06 and during the lockdown 0.06 ± 0.01 and 0.08 ± 0.02 for the morning and
afternoon cases respectively, which corresponds to a decrease between 20 and 25%. In turn, the mean
SSA440 values are about 0.83 ± 0.06 and 0.89 ± 0.02 for the morning cases before and during lockdown,
respectively, and 0.84 ± 0.08 and 0.91 ± 0.06 for the afternoon cases, indicating a decrease not only
in the aerosol load but also in the more absorbing aerosol types. It is worth to note the behavior
observed in the fine-mode-fraction, which in general is greater than the fine-mode-fraction of Table 3,
since before the lockdown period the mean values are 0.76 ± 0.15 and 0.69 ± 0.14 for the morning
and afternoon cases respectively while during the lockdown period those mean values are 0.66 ± 0.07
and 0.66 ± 0.11. There is a clear decrease in the morning cases caused by the decrease of the human
activities, since anthropogenic aerosols AOD is dominated by fine aerosols [64], during the lockdown
but in the afternoon cases the mean value is very similar, but still lower during the lockdown, because of
the influence of case 12a that presents a very low fine-mode-fraction, possibly affected by the first
Saharan dust event detected during the first days of lockdown.

Figure 5 shows the radiative forcing estimates in the SW spectral range at the BOA and at the
TOA for the morning and afternoon cases before and during the lockdown. One can observe that the
mean cooling effect during the lockdown is clearly lower, at the BOA, than before it, as much as for the
morning cases as the afternoon cases (21.65% and 16.43%, respectively) because of the decrease in the
AOD commented above and also observed in Figure 4. For the morning cases, at the TOA, the cooling
effect is also lower during the lockdown (32.98%); however, for the afternoon cases, the mean cooling
effect is just 3.25% lower. This result is related to the absorption and scattering, both the AOD440 and
the SSA440 are greater in the afternoon than in the morning and therefore in the afternoon the scattering
processes by the aerosol particles dominate with respect to the absorption ones causing an increase in
the cooling effect [16].

Figure 6 shows the LW radiative forcing estimates at the BOA and at the TOA for the morning
and afternoon cases before and during the lockdown in Spain. At the BOA, the radiative forcing
estimates present, on average, a heating effect during the lockdown lower than before it for the
morning cases, 15.52%. At the surface, the LW radiative forcing is strongly affected by the AOD,
for instance, differences about 33% in the AOD can lead in some situations to a difference of about
4 W m−2 (see Figure 7a in [2]). Therefore, the observed difference in the morning cases in the present
work can be explained by means of the sharp decrease (about 20%) in the AOD440 noticed above.
At the TOA for the morning cases, the heating effect is now greater during the lockdown than before,
about 45.45%, an opposite behavior than that at the surface because at the TOA the radiative forcing in
the LW spectral range is mostly affected by the ST (see Figure 7a,f in [2]), where an increase of 11.58%
can lead to an increase of about 5 W m−2. In the present work, the average ST before the lockdown is
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about 277.00 ± 3.88 K while during the lockdown the average ST is about 290.39 ± 6.34 K, showing an
increase around 4.61%. For the afternoon cases, both at the BOA and at the TOA, the heating effect is
on average greater during the lockdown than before (33.12% and 61.54% respectively). At the TOA this
behavior again is attributable to the increase of the average ST from 286.46 ± 5.00 K to 301.53 ± 9.49 K
as in the morning cases. However at the BOA, where the influence of the ST in the LW radiative
forcing is much lower than at the TOA and variations in the AOD are directly related to variations
in the radiative forcing [2], there is a decrease in the AOD440 around a 25% that cannot explain the
increase of the heating effect. This increase in the heating effect is due to three cases—17a (18 May),
18a (19 May), and 19a (20 May)—that present LW radiative forcing values more than 2 times greater
than the rest of the lockdown cases. That is because of their absorbing properties (SSA440 values of
0.90, 0.88 and 0.81) that cause an increase in the LW radiative forcing [2,14], while the aerosols present
in the atmosphere during the previous days were less absorbing (SSA440 values around 0.96). As the
AOD440 and asy440 present similar values in these three cases with respect to the rest of the lockdown
cases, a more detailed research including aerosol typing and aging is needed in order to clarify what
happened in the atmosphere during the third week of May.
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Figure 5. Boxplot of the aerosol radiative forcing in the SW spectral range estimated at the BOA
(upper figure) and at the TOA (lower figure) for the morning (green boxes) and afternoon (blue boxes)
before and during lockdown cases. Red lines inside the boxes stand for the median value in each
scenario, the lower and upper limits of each box represent the 25th and 75th percentile respectively and
black horizontal lines extend to the most extreme radiative forcing estimates not considered outliers.
Red crosses represent the radiative forcing estimates considered as outliers.
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Figure 6. Boxplot of the aerosol radiative forcing in the LW spectral range estimated at the BOA
(upper figure) and at the TOA (lower figure) for the morning (green boxes) and afternoon (blue boxes)
before and during lockdown cases. Red lines inside the boxes stand for the median value in each
scenario, the lower and upper limits of each box represent the 25th and 75th percentile respectively and
black horizontal lines extend to the most extreme radiative forcing estimates not considered outliers.
Red crosses represent the radiative forcing estimates considered as outliers.

In addition, the Mann–Whitney test has been applied to check the statistical significance of the
observed differences between the medians of the radiative forcing values data sets before and during
the lockdown. Thus, eight different tests named T1, T2, T3, T4, T5, T6, T7, and T8 have been performed.
T1, T2, T3, and T4 are the tests made for the morning cases in the SW spectral range at the BOA (T1)
and at the TOA (T2) and in the LW spectral range at the BOA (T3) and at the TOA (T4). T5, T6, T7,
and T8 are the tests for the afternoon cases. Therefore, getting p < 0.05 from the Mann–Whitney test
implies that the differences between the variables are significant at 95% confidence level. Table 6 sums
up the p values for the eight cases.

Only in two tests (T1 and T8) the differences in the medians of the radiative forcing values before
and during the lockdown can be considered statistically significant. In the case of the SW radiative
forcing at the BOA estimated in the morning, there is a huge decrease in the cooling effect during
the lockdown because of the decrease of AOD as has been aforementioned, causing a statistically
significant difference between the radiative forcing values estimated before and during the lockdown
(T1). T8 shows that the greater temperature found during the lockdown cases than before added to
the presence of absorbing particles in the atmosphere lead to a statistically significant increase of the
heating effect.
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Table 6. Median, 25th, and 75th percentiles and p values from the Mann–Whitney analysis for the
8 comparisons. The superscripts in the p values stand for the test names.

MorningCases [W m−2] AfternoonCases [W m−2]

Median 25th perc. 75th perc. p Median 25th perc. 75th perc. p

BOA SW before −10.21 −12.11 −9.12 T10.02
−12.42 −18.01 −7.75 T50.37BOA SW lockdown −8.77 −9.12 −8.20 −9.89 −11.53 −8.30

TOA SW before −3.72 −4.66 −2.49 T20.25
−4.31 −5.21 −3.09 T60.89TOA SW lockdown −2.29 −2.64 −1.92 −4.38 −5.67 −3.38

BOA LW before 1.47 0.83 2.05 T30.39
2.34 1.29 3.15 T70.25BOA LW lockdown 0.92 0.70 1.29 2.81 1.34 4.76

TOA LW before 0.23 0.06 0.35 T40.23
0.67 0.24 0.97 T80.02TOA LW lockdown 0.33 0.19 0.71 1.59 0.92 2.25

Tables 4 and 5 and Figures 5 and 6 show the presence of radiative forcing values considered as
outliers by the box plots in some of the 16 scenarios. Concretely these six outliers, marked in bold in
Tables 4 and 5 and red crosses in Figures 5 and 6, correspond to case 11m in the LW spectral range at
the TOA (+0.96 W m−2), case 14m in the SW at the TOA (−4.11 W m−2), case 18m in the LW at the
BOA (+3.64 W m−2), case 3a in the SW at the TOA (−11.69 W m−2), case 4a in the SW at the TOA
(−11.36 W m−2), and case 13a in the SW at the BOA (−16.80 W m−2). The presence of these outliers
causes an increase in the probability of getting a value greater than the value computed by the test and,
hence, increasing p, for instance, the two statistically significant tests do not present outliers in Figures 5
and 6. By excluding the outliers from the five tests affected (T2, T3, T4, T5, and T6), the p values show a
strong decrease from 0.25, 0.39, 0.23, 0.37 and 0.89 to 0.11, 0.11, 0.13, 0.24, and 0.41 for T2, T3, T4, T5,
and T6 respectively. However, in spite of this behavior, the test Mann–Whitney is still showing that
only T1 and T8 present statistically significant differences.

Furthermore, the radiative forcing depends in both spectral ranges, SW and LW, on the solar
zenith angle and the AOD. The latter has been diminished because of the lockdown, however, the effect
of the two Saharan dust intrusions detected during the lockdown period added to the light decrease in
the AOD observed in Figure 4 and the small amount of data available due to the exceptional situation
lead to statistically non-significant differences in the radiative forcing. In spite of the statistically
non-significant differences, the results point out that the observed variations in the radiative forcing are
directly related to the decrease of direct pollutant emissions and the consequent reduction of ambient
aerosols in Madrid air basin.

5. Conclusions

This work has checked the feasibility of using ceilometer signals at 1064 nm to calculate radiative
properties under different air pollution conditions in Madrid, Spain. In first place, the estimation of
backscattering coefficient profiles from ceilometer signals by means of the Klett–Fernald inversion
method was validated, thus five of the six selected cases fulfill the imposed criteria; just one case
has shown a NMB value greater than the chosen threshold because of the presence of clouds at 2 km.
Assuming that these result can lead to the estimation of reliable extinction coefficient profiles from
ceilometer measurements, then, these profiles were estimated from selected measurements since January
to May, and used in combination with AERONET and COPERNICUS data to feed the GAME radiative
transfer model. First, African dust radiative forcing values were estimated in eight different cases,
showing all the cases negative values at all levels in the SW spectral range (cooling effect of the aerosol)
and positive values in the LW spectral range (heating effect) as in the literature. Besides, the range of
the radiative forcing estimates was in agreement with the literature for similar values of AOD and SSA.
The results also showed that, at one with previous works, high values of AOD imply high radiative
effects as high values of θz imply a decrease in the cooling effect independently of the AOD. To the best
of our knowledge, this is one of the first studies in which ceilometer measurements at 1064 nm can be
successfully used for performing 1-D aerosol radiative forcing calculations, obtaining reliable results.
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Then, after these reliable results the ceilometer signals at 1064 nm have been analyzed to quantify the
radiative forcing before and during the lockdown caused by the COVID-19 sanitary crisis in Madrid.

Thus, considering that during the lockdown period, in comparison to the 6 previous years,
a decrease in the AOD440 has been observed over the measurement site and that ceilometer signals
can be used to retrieve consistent radiative forcing values, a total of 37 radiative forcing calculations
(18 morning and 19 afternoon cases) were performed with no presence of mineral dust before and
during the lockdown. The obtained cooling effect in the SW spectral range at all levels and the heating
effect in the LW at the BOA for the morning cases were lower during the lockdown than before
because of the observed decrease in the AOD440. However, in the LW at the BOA, for the afternoon
cases the heating effect during the lockdown increased because of the presence of absorbing particles
(SSA440 ≤ 0.90) in the atmosphere. According to the work in [14], those particles have their origin
in smoke and pollution, therefore it can be assumed that in the afternoon cases the accumulated
pollution from the considered essential activities and industries are increasing the computed heating
effect. During the lockdown, the afternoon scenarios present higher AOD values than the morning
scenarios, causing lower differences between before and during the lockdown in the afternoon than in
the morning because of the considered essential activities and industries.

In the LW at the TOA, variations in the ST imply a greater effect in the radiative forcing calculations
than variations in the AOD, thus the observed increment in the ST causes a greater heating effect
during the lockdown for the morning and afternoon cases than before.

Finally, from the statistical analysis, only two of the eight analyzed scenarios shown statistically
significant differences between the radiative forcing values estimated before and during the lockdown.
The first scenario (p = 0.02) was at the BOA in the SW spectral range for the morning cases, which is
strongly influenced by variations in the AOD. The second scenario (p = 0.02) was at the TOA in the LW
spectral range for the afternoon cases, where variations of ST lead to strong variations in the radiative
forcing estimates. The statistically meaningless differences observed in the other six scenarios can be
explained because of the presence of absorbing particles and other atmospheric interactions that can
affect the radiative forcing, for instance wet removal of atmospheric aerosols by falling precipitation.
However, the observed variations in the radiative forcing estimates in the SW and LW spectral ranges
at all levels before and during the lockdown are directly related with the decrease of emissions of
aerosols from human activities. Therefore, the lockdown measures imposed due to the sanitary crisis
lived in Spain have had an impact on the radiation budget. This information can be used for proposing
action plans destined to reduce the impact of aerosols in radiative forcing in metropolitan areas with a
high population density, such as Madrid, and consequently to improve the current knowledge of their
influence on climate change.
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