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Abstract: Aerosol optical depth (AOD) at night-time has become a hot topic in recent years due to the
development of new instruments recording accurate ground-based lunar irradiance measurements,
and the development of calibration methods and extraterrestrial irradiance models adapted to lunar
photometry. This study uses all daytime and night-time AOD data available at Valladolid (Spain)
from October 2016 to March 2022 in order to analyze its behavior and the added contribution of night
data. The annual, monthly and daily AOD evolution is studied comparing daytime and night-time
values and checking the correlation between them. For this purpose, the daily averages are computed,
showing an annual pattern, with low AOD values throughout the year (mean value of AOD at
440 nm: 0.122), where winter months have the lower and summer the higher values, as observed
in previous studies. All these AOD values are modulated by frequent desert dust events over the
Iberian Peninsula, with a strong influence on daily and monthly mean values in February and March,
where the strongest desert outbreaks occurred. The added new data confirm these results and the
good correlation between daytime and night-time data. Also, a complete daily evolution is shown,
observing that AOD and Ångström exponent (AE) mean values vary by only ±0.02 in 24 h, with a
maximum value at 06:00 UTC and minimum at 18:00 UTC for both parameters.

Keywords: lunar photometry; aerosol optical depth; Ångström exponent; aerosol climatology; CAELIS

1. Introduction

Atmospheric aerosols, which are particles floating in the atmosphere, interact directly
with sunlight by scattering or absorption (aerosol-radiation interaction), but also, they act
as condensation nuclei, which is known as aerosol–cloud interaction [1]. Both interactions
have an impact on climate which, as they have an important role in radiative forcing, which
is the difference between the radiation absorbed by Earth and the energy irradiated back
to space [2]. The contribution of atmospheric aerosols to radiative forcing still remains
uncertain [3], which highlights the need to measure and monitor the aerosol properties
continuously on a global scale.

One of the most important aerosol optical properties in aerosol radiative forcing is the
aerosol optical depth (AOD), which represents the light extinction by the aerosol following
the Beer–Bouguer–Lambert law. AOD depends on wavelength, and this dependence
is usually modelled in the solar range by the two parameters of Ångström’s law [4,5]:
Ångström exponent (AE), which provides information about AOD spectral dependence
and aerosol size (lower AE, coarser particles); and turbidity parameter, which is the AOD
at 1 µm wavelength.

There are several networks focused on monitoring AOD around the world, such as
AERONET [6], GAW-PFR [7] and SKYNET [8]. AERONET (AErosol RObotic NETwork),
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managed by NASA, is a federated network with over 500 measurement sites distributed
worldwide. The standard instrument of AERONET is the Cimel CE318 radiometer (Cimel
Electronique, Paris, France). Filter radiometers are generally used to derive spectral AOD
and AE values measuring the direct solar irradiance at several wavelengths. The use of
solar irradiance means that AOD can be obtained only during the daytime, which implies
a lack of AOD data during the night-time and could lead to a bias in AOD climatology. In
particular, this bias is more relevant in polar regions, where the sun is not visible for several
months, i.e., the polar night. This led to long periods without data at high-latitude sites
and a large uncertainty during the night when studying daily cycles.

To derive AOD at night-time periods, a new CE318 model (sun–sky–lunar CE318-T
photometer) was developed by Cimel to measure solar but also lunar direct irradiances
between first and third moon quarters, as the uncertainties increase under low moon illumi-
nation conditions [9]. This instrument allows the AOD calculation at night-time [9,10]. To
calculate AOD from these ground-based direct lunar irradiance measurements, the extrater-
restrial lunar irradiance (at the top of the atmosphere) is required. The extraterrestrial lunar
irradiance is the sunlight reflected by the moon, and because of that, it varies significantly
depending on different parameters such as the moon’s albedo, moon’s phase angle, moon–
sun distance, and moon–Earth distance, among others. The ROLO model [11], or its freely
available implementation RIMO [12], are generally used to estimate the extraterrestrial
lunar irradiance (e.g., [13]). Román et al. [14] found that RIMO overestimates the extraterres-
trial lunar irradiance and proposed a correction to RIMO to be used to derive AOD values
from sun–moon photometers. The AOD values calculated using these corrected RIMO
values and CE318-T photometer measurements, transferring solar calibration to lunar [9],
are available at CAELIS (www.caelis.uva.es accessed on 8 November 2023; [15,16]).

Both networks mentioned previously, GAW-PFR and SKYNET, have also developed
new implementations for their instruments in order to be able to measure AOD at night-
time. In the case of the lunar PFR, the enhancing of the sensitivity for the standard
instrument makes it possible to measure at four wavelengths (412, 500, 675 and 862 nm) with
good continuity results in night-time measurements [17]. Regarding SKYNET reference
instrument, POM-01 and POM-02 (Prede Ltd., Japan), it was modified in order to be able to
measure low levels of irradiance by setting and amplifier and adjusting the tracker to follow
the moon position at night. SKYNET uses the correction of the ROLO model proposed
by Uchiyama et al. (2019) [18]; the results obtained for AOD presumably have the same
degree of precision and accuracy within the measurement uncertainty for daytime and
night-time [18].

In this framework, the main objective of this work is to obtain and analyze the seasonal
cycle of daytime and night-time AOD and AE registered by solar and lunar photometry
using measurements from a Cimel CE318 instrument, and computed with the CAELIS
algorithm, for six years in a mid-sized urban station in north–central Spain. This study is
also focused on the quantification of the 24-h cycle of AOD and AE, analyzing possible
differences and similarities between the daytime and night-time cycles.

This paper is structured as follows: Section 2 presents the site, the data used, and the
methodology followed. The main results and their discussion are presented in Section 3;
while Section 4 summarizes the main conclusions of the work.

2. Site, Data and Method

The data of this work were recorded at the Valladolid AERONET station (4◦39′49′′N,
4◦42′21′′W, 705 m a.s.l.), located in the rooftop of the Science Faculty of Valladolid University.
Valladolid is a medium-sized city with a population of 400,000 inhabitants, including its
metropolitan area. It is located in the north–central part of the Iberian Peninsula, in the
northern plateau of Spain (Castilian Plateau), which is surrounded by mountains, with
continental aerosols being the most common aerosol type [19].

The Valladolid AERONET station is managed by the Group of Atmospheric Optics
of the University of Valladolid (GOA-UVa). The GOA-Uva is involved in the calibration
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tasks of AERONET instruments, and since 2019 has also been part of ACTRIS research
infrastructure (Aerosols, Clouds, and Trace gases Research InfraStructure; www.actris.eu
accessed on 8 November 2023). The AERONET photometers under calibration at Valladolid
are calibrated through comparison against a master photometer previously calibrated at
Atmospheric Observatory of Izaña (Tenerife, Spain) with the Langley method [20]; as a
result, several sun–sky–lunar CE318-T photometers are always measuring side-by-side at
Valladolid’s station. Moreover, within the metrology project MAPP (www.pmodwrc.ch/
en/mapp/, accessed on 10 October 2023), careful characterization of the Lunar photometers
and calibration procedures have been carried out and implemented for this instrument.
The dataset used in this study at Valladolid is formed by the records of three different
CE318-T masters (#904, #942 and #949). This selection means that the period covered by
the dataset at Valladolid is from October 2016 to March 2022, with a gap between March
and June 2017, when there was not a lunar photometer in the site. No night-time data from
master instruments were available prior to 2016.

The daytime and night-time AOD data from these photometers in the 2016–2022 period
have been processed and obtained directly from CAELIS [15,16]. AOD at 340 nm has been
not used since the low signal of lunar irradiance at this wavelength makes the AOD too
noisy at night-time [14]. The AE has been calculated by a linear fit in log–log scale using the
AOD values at 440, 500, 675 and 870 nm wavelengths. The AOD data have been previously
cloud-screened following the method explained by González et al. [16], a cloud-screening
method similar to the one proposed by Giles et al. [21]. The AOD sampling frequency for
the CE318-T instruments is defined by AERONET protocols, and has increased over the
years. Measurements at Valladolid were taken every 15 min until 2017, but since then the
sampling period has been reduced to every 5 min during the day and every 3 min over
the night.

All the AOD and AE data have been hourly, daily and monthly averaged separately.
Hourly AOD and AE values have been obtained by averaging all the available data for
every hour of the day for the whole period; these hourly data are useful to study the 24 h
evolution of AOD and AE. The daily averages of AOD and AE have been calculated for
each wavelength, differentiating between daytime and night-time, using all measurements
within a day. The monthly mean (M), median (Md), standard deviation (sd), first (Q1)
and third (Q3) quartile, and 5th (P5) and 95th (P95) percentiles of the hourly and daily
datasets have been also calculated. These statistical estimators are useful to climatologically
quantify the distribution of AE and AOD values [14–16,20,21].

3. Results and Discussion

3.1. Time Series of Aerosol Optical Depth and Ångström Exponent

The time series of monthly averages, derived from the available daily AE and AOD
at 440 nm (AOD440) values, is shown in Figure 1 for Valladolid. Both daytime and night-
time averages are represented. The AOD and AE evolutions have a large variability at the
monthly scale. Daytime and night-time values present a similar temporal evolution for both
AOD440 and AE, although some differences can be seen, e.g., in February 2017 or March
2022. These differences could be explained, at least in part, by the fact that both daytime
and night-time datasets cover different periods due to the variability of the presence of
clouds and mainly due to the fact that lunar irradiance is only measured for half of each
month (from the first to the third Moon quarter).

Generally, the lowest AOD440 values occurred during the winter months of December
and January, while the larger ones usually happened in summer, some spring months and
February. The standard deviation for night-time values seems larger than for daytime
values in some months. Regarding AE, summer always presents mean values above 1,
while the lowest values can be observed in general at winter and spring. The smaller AE
values are associated with larger standard deviation values.

www.actris.eu
www.pmodwrc.ch/en/mapp/
www.pmodwrc.ch/en/mapp/


Remote Sens. 2023, 15, 5362 4 of 14

Remote Sens. 2023, 15, x FOR PEER REVIEW 4 of 16 
 

 

the lowest values can be observed in general at winter and spring. The smaller AE values 
are associated with larger standard deviation values. 

The maximum AOD values associated with low AE values, and are caused by the 
presence of large particles like desert dust aerosols. These Saharan dust transport events 
happen at the Iberian Peninsula more often during summer [22], but the most intense 
events are seen in February and March [23]. Then, there are dust outbreaks for the whole 
year with large AOD values which present a variability of low AE values [24]; the observed 
results could indicate that desert dust events in summer reach Valladolid with AE values 
higher than in winter and spring, when the dust outbreaks are stronger. When high AOD 
values appear to be associated with high AE values, they are usually caused by the pres-
ence of smoke from bushfires, which also are more frequent in summer [25]. These bush-
fire events could be behind the higher AE values observed in summer. This indicates that 
different aerosol types govern aerosol seasonal distribution over Valladolid and the whole 
region. Regarding the year-to-year variability, the data from Valladolid do not show any 
significant trend. However, it would be necessary to analyze a longer period of time with 
more recorded data to obtain statistically significant results. 

The evolution of the daily means can be seen in Figure A1 in the Appendix A, and 
corroborates the results presented here. Despite considering only 5 years, from October 
2016 to March 2022, it is possible to see the large amount of data available, as well as 
showing the convenience of adding night-time measurements. 

 
Figure 1. Time series of daytime and night-time monthly averages (derived from daily values) of 
aerosol optical depth at 440 nm (AOD440; panel (a)) and Ångström exponent from 440 to 870 nm (AE; 
panel (b)) in Valladolid. The red and blue solid lines represent the monthly mean values, and the 
shaded band is the ± monthly standard deviation centered on the mean value. Red color is used for 
daytime measurements and blue for night-time. 

Figure 1. Time series of daytime and night-time monthly averages (derived from daily values) of
aerosol optical depth at 440 nm (AOD440; panel (a)) and Ångström exponent from 440 to 870 nm (AE;
panel (b)) in Valladolid. The red and blue solid lines represent the monthly mean values, and the
shaded band is the ±monthly standard deviation centered on the mean value. Red color is used for
daytime measurements and blue for night-time.

The maximum AOD values associated with low AE values, and are caused by the
presence of large particles like desert dust aerosols. These Saharan dust transport events
happen at the Iberian Peninsula more often during summer [22], but the most intense
events are seen in February and March [23]. Then, there are dust outbreaks for the whole
year with large AOD values which present a variability of low AE values [24]; the observed
results could indicate that desert dust events in summer reach Valladolid with AE values
higher than in winter and spring, when the dust outbreaks are stronger. When high AOD
values appear to be associated with high AE values, they are usually caused by the presence
of smoke from bushfires, which also are more frequent in summer [25]. These bushfire
events could be behind the higher AE values observed in summer. This indicates that
different aerosol types govern aerosol seasonal distribution over Valladolid and the whole
region. Regarding the year-to-year variability, the data from Valladolid do not show any
significant trend. However, it would be necessary to analyze a longer period of time with
more recorded data to obtain statistically significant results.

The evolution of the daily means can be seen in Figure A1 in the Appendix A, and
corroborates the results presented here. Despite considering only 5 years, from October
2016 to March 2022, it is possible to see the large amount of data available, as well as
showing the convenience of adding night-time measurements.

3.2. Annual Cycle

The statistical estimators (M, Md, sd, Q1, Q3, P5 and P95) of the monthly distributions
of the daily AOD440 and AE values, during the daytime and night-time, are shown in
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Figure 2. These estimators have been calculated using all the daily data available for each
month of the data series.
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Figure 2. Box plot for the monthly evolution of aerosol optical depth at 440 nm (AOD440;
panel (a)) and Ångström exponent from 440 to 870 nm (AE; panel (b)) at Valladolid. The first (Q1) and
third (Q3) quartile for the monthly dataset correspond to the upper and lower box limits. The median
(Md) is represented by a horizontal black line, while the mean (M) is represented by a circle. The
triangles show the 5th (P5) and 95th (P95) percentile values. The ± standard deviation is represented
by an error bar centered on the mean value. The number of observations (N total days in each month
for the whole time series) is shown in a histogram (panel (c)). Red values mean daytime, while blue
is for night-time.

Regarding the values of AOD440 in Figure 2a, there are no significant differences in the
monthly median between daytime and night-time datasets. In general, the median values
for daytime are smaller than at night-time, as was observed in Lecce (Italy) by Perrone
et al. [26], except in summer. In our case, this small displacement could be caused by having
a smaller dataset at night that could have been contaminated by some outliers that were not
detected by the cloud-screening. In fact, the shape of the seasonal cycle follows a similar
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pattern for both daytime and night-time databases: the AOD440 increases progressively
from winter to summer, July being the month with the highest median value for the AOD440
(0.16 during the night-time); then, after July, these AOD median values decrease to lower
values until the end of the year, the median AOD440 value being around 0.06 for daytime
measurements in December.

The mean values in the same figure seem less stable between day and night. The
mean is not as robust as the median (it can easily become biased by few high values). In
our dataset, monthly means are higher than median values for all months. This could be
caused by the occurrence of high values during high aerosol load events, the maximum
monthly values for AOD440 being 0.16 during the daytime in August, and 0.18 at night-time
during July. The minimum values of the mean of AOD440 are 0.08 and 0.07 for daytime and
night-time, respectively, both in January.

When comparing the daytime annual cycle obtained with the longer period available
with AERONET direct sun AOD data in previous studies (e.g., [19,22]), which cover
different time periods, some of the main features remain: AOD values increase during the
first months of the year and present a local minimum value in May, with an increase again
during summer months and a decrease in autumn. Figure A2 in Appendix A shows the
monthly means for the whole time series in order to compare them with previous studies.
However, in the last six years analyzed in this work, AOD values seem higher in summer
than in the previous studies, with more than 10 years of data. In this sense, a reported local
AOD minimum in July [27] has disappeared in this study for the monthly evolution, thus
indicating larger aerosol loads in the last summers. The progressive increase in AOD until
summer is not observed in this case due to a lower mean value in March than in February.
This could be caused by the occurrence of very intense dust episodes in February in the
analyzed period, such as the one that took place from the 20 to 23 February 2017, reported
by Fernández et al. [28], which masks the typical increase in AOD shown by the mentioned
previous studies.

The AOD440 standard deviation values at night-time are larger than during the daytime
for some months like March and October, which must be caused by some outliers, as pointed
out by the P95 in these cases. These outliers may be AOD values contaminated by the
presence of high and wispy ice clouds, like cirri. During the daytime, photometers measure
the radiance on the sun’s aureole in order to detect these thin clouds and classify those
measurements as cloud-contaminated [21]; however, lunar aureole measurements are not
carried out and, as a result, it is possible that occasionally AOD values measured under the
presence of thin ice cloud pass the cloud-screening algorithm.

The results also show a good agreement between the values of the AOD440 interquar-
tile range (IQR), which is the difference between Q3 and Q1, for sun- and moon-based
measurements, thus indicating that dispersion of daytime and night-time AOD data is
similar. In addition, P95 for AOD values present two peaks in March and August (around
0.37 for both day and night-time); on the other hand, the lowest P95 values occur in Novem-
ber, with 0.15 for daytime and 0.14 for night-time. For P5, the lowest values are found in
January, with 0.032 for daytime, and in March, with 0.033 for night-time. The AODs at
380, 500, 675, 870, 1020 and 1640 nm show a similar behavior to the one described here for
440 nm, as can be seen in Figure A3 of the Appendix A.

Regarding the Ångström exponent (see Figure 2b), the mean and median are above
1.0 and below 1.5 for all months, showing no clear seasonal dependence and with slightly
larger values during summer months. The AE values in summer indicate the continuous
predominance of intermediate-sized particles at Valladolid, likely based on a mixture
of clean continental aerosols [27], moderated African dust events and also, relatively
frequently, polluted air masses from Europe. In addition, the maximum mean AE value
occurs in July (mean value of about 1.42 for daytime and 1.35 for night-time). This could
be caused by the presence of smoke from bushfires in the atmosphere, since this kind
of aerosol corresponds to fine particles (i.e., very high AE values). Hence, the observed
highest AOD440 values in summer months occur simultaneously with the largest AE values,
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corroborating the impact of biomass burning events. The mean AE presents lower values
for February and March (with a mean value for February of 1.12 during daytime and 1.13
for night-time, and for March, 1.08 during daytime and 1.15 for night-time); this coincides
with some extreme Saharan desert dust episodes that occurred in these months at the
Iberian Peninsula, as previously mentioned. The mean value for night-time in December
is also very low, but differs from the value for daytime measurements. It can be seen that
mean values remain smaller than median values for all months, possibly due to the low
values of AE related to occasional Saharan dust transport events. There are similar mean
values for AE during January and August, around 1.33, for both daytime and night-time
measurements; but median daytime values remain smaller for August (around 1.35) than
for January (around 1.46), with a larger difference between mean and median values.
October and November have very similar median values. In general, the median AE values
are similar during the daytime and night-time, when the median values are generally a
little bit higher, except in December, when the night-time value is the lowest, showing an
AE difference of about 0.2 from night-time to daytime. Perrone et al. [26] also found median
values of AE to be higher at night-time except in winter season in Lecce. Pérez-Ramírez
et al. [29] also observed these higher AE values at night-time, which were also more likely
to be found in summer; these authors proposed that this is because for those months,
convective activity is more intense during the daytime than at night-time, which can favor
larger particles’ deposition and an increase in AE values.

There are not large differences between the AE standard deviation values in March
and October as it could be seen for AOD440, but the standard deviation is generally higher
for night-time than for daytime. The P95 values do not vary significantly but the P5 values
seem to have a minimum value in spring months (0.23 for night-time in March), which is
also related with the presence of extreme desert dust episodes, and then P5 of AE values
increases for summer and autumn months (0.93 for daytime in September). The IQR values
are lower for summer months, especially at night-time.

When the obtained AE values are compared with the AERONET AE440-870 data of
previous studies [22,27], mean values of both AE series are similar, except for the summer
months, when the AE values are higher for the latest years. This result could be an indicator
of an increase in the fine particles’ presence in summer at Valladolid, likely caused by a
higher occurrence of bushfires in the region.

Finally, the amount of daily daytime data is approximately twice the amount of
night-time data, as can be seen in Figure 2c. This is because night-time measurements are
only available for half of a whole moon cycle, as mentioned above (from the first to the
third moon quarters). The lack of lunar data between the third and first moon quarters
discussed above could explain some of the slight differences that have been observed
between daytime and night-time values. The month with less data availability is April,
which is linked with conditions of rain and cloud coverage in Valladolid that prevent the
photometer from measuring frequently. The amount of night-time data is higher in the first
months of the year because of longer nights in this period.

3.3. Daily Cycle

To study the pattern of the evolution of AOD440 and AE throughout the day, the
hourly mean values of AOD and AE have been evaluated for each month using the same
methodology as that used to find the daily mean values in the previous section. For
a seasonal analysis of this pattern, Figure 3 presents the statistical estimators of hourly
AOD440 and AE for one month of each season: January, April, July and October. Monthly
analysis was selected instead of seasonal analysis to avoid the overlap of night-time and
daytime data in the same hour. Even so, overlap occasionally occurs due to the change
in the time of sunrise/sunset throughout a month. For those cases, both datasets have
been used to compute the mean and the other statistical estimators. The months selected
as representative for each season have no overlap or the overlap is minimal (October has
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1 lunar observation and 25 solar observations at 17:00 UTC), but that is not the case for all
months of the year.
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Figure 3. Distribution of daytime and night-time hourly aerosol optical depth at 440 nm (AOD440)
and Ångström exponent from 440 to 870 nm (AE) for January, April, July and October (a–l). The first
(Q1) and third (Q3) quartile for the monthly dataset correspond to the upper and lower box limits.
The median (Md) is represented by a horizontal black line, while the mean (M) is represented by a
circle. The triangles show the 5th (P5) and 95th (P95) percentile values. The ± standard deviation is
represented by an error bar centered on the mean value. The number of observations (N hours in each
month) is shown in a histogram (panel (d)). Red values mean daytime, while blue is for night-time.

The mean and median of the AOD440 values shown in Figure 3 present good continuity
between daytime and night-time for all months except close to sunrise and sunset. Those
are the hours with the lowest amount of available night-time data; hence, the result could
not be representative. The mean values of AOD440 are higher than the median values for
all months, which must be caused by the presence of some high outliers, as the P95 value
indicates. In July, the mean and median AOD440 values are higher during the first hours
of the night (from 00:00 UTC), and then they decrease, being the median AOD440 value at
05:00 UTC equal to 0.16, higher than 0.12 reached at 19:00 UTC. In general, for the four
months, the mean and median of the daytime AOD440 is higher early in the morning than
at the end of the afternoon, showing a decreasing trend in AOD throughout the daytime,
which is more appreciable in July.

The Q3 values of AOD440 in January are below 0.1, increasing during spring, as is
observed for the month of April. The highest values appear during summer, as July shows,
where the Q3 values are close to 0.2. Then, the Q3 values decrease during autumn, as can
be seen in October. The IQRs in AOD440 values are similar between daytime and night-time
for all months except in April. The standard deviation for AOD440 values is similar between
daytime and night-time for each month. The P5 values of AOD440 do not present significant
fluctuations throughout the day at any month, while the P95 values fluctuate but without a
clear pattern. On the other hand, the Q1 and the P5 values of AOD440 are quite similar for
all months, demonstrating that the seasonal differences are only reflected in the upper part
of the data distribution.
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Regarding AE, the mean and median values during the daytime and the night-time
show good continuity for all months except in April at the end of the night; this is the
only case in which the AE mean values are above median and both statistical estimators
are below 1.0. In January, the median values are around 1.5, being even higher between
01:00 and 05:00 UTC. There are lower values in April than in January, possibly due to the
presence of larger-sized particles like dust aerosols in spring. Although April displays a
local minimum in terms of desert dust occurrence in the study region [24], desert dust
event days in April are still more frequent than in January. For July, the mean AE value is
very close to the median during daytime. In this month, there is a good correlation between
day and night-time P95 values for AE, except for the values close to the sunrise and sunset,
but this is unlikely to be representative since there is a small amount of data available for
these hours.

For a more global analysis of the hourly data evolution in Valladolid, the same estima-
tors of Figure 3 are presented in Figure 4, but they have been calculated considering all the
available data together, giving an idea of a typical day of aerosol evolution in Valladolid.
For certain hours, there is an overlap of night-time and daytime data due to the seasonal
variation in the sunshine duration at mid latitudes.
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Figure 4. Distribution of daytime and night-time hourly aerosol optical depth at 440 nm (AOD440;
panel (a)) and Ångström exponent from 440 to 870 nm (AE; panel (b)) considering all available data
(no distinction of month is made). The first (Q1) and third (Q3) quartile for the monthly dataset
correspond to the upper and lower box limits. The median (Md) is represented by a horizontal black
line, while the mean (M) is represented by a circle. The triangles show the 5th (P5) and 95th (P95)
percentile values. The ± standard deviation is represented by an error bar centered on the mean
value. The number of observations (N hours) is shown in a histogram (panel (c)). Red values mean
daytime, while blue is for night-time.
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The AOD440 data present a stable and continuous hourly evolution, with all the hourly
mean and median values of AOD440 around 0.12 and 0.09, respectively. However, a pattern
can be observed: the highest median AOD value appears close to sunrise (06:00 UTC), with
a value of 0.12, and it slightly decreases until sunset (19:00 UTC), reaching the minimum
median value of 0.07, when the median begins to increase until sunrise. A similar pattern
occurs for the mean values of AOD440, oscillating from 0.10 to 0.14, and for P95 values.
The mentioned maximum values of AOD440 occurs when the hourly mean and median
of AE are the highest (1.41 and 1.33, respectively), while the minimum mean value of
AOD440 occurs for the lowest median AE value (1.21). This could be related to having stable
atmospheric conditions that may prevent elimination processes, especially for fine particles.
Analyzing the evolution of all the months in the year, it was found that for some months,
the maximum AOD440 value is at 05:00 UTC, but the presence of some high values in March
at 06:00 UTC, possibly caused by an intense dust transport event or cloud contamination,
affect the mean value for all the time series. Regarding the AE, a similar pattern to that
mentioned for AOD440 is also observed. The mean and median values are around 1.26
and 1.32, and the IQR is, in general, between 0.93 and 1.60. These IQRs and the standard
deviation values are higher for night-time periods.

4. Summary and Conclusions

In this work, we have analyzed the seasonal and diurnal behavior of aerosol opti-
cal depth (AOD) and the Ångström exponent (AE) in Valladolid, Spain. The used data
were obtained during the daytime and night-time with various sun–sky–lunar AERONET
reference photometers between the years 2016 and 2022.

The results obtained show that there is an annual cycle, with maximum values of
AOD during July and August and minimum values during January and December. There
is a local minimum in May, which was also shown in previous studies in the same region.
The lower AE values are seen from February to April; in summer, the values increase and
remain stable until the end of the year. It is possible to see the transport of aerosol from
biomass burning during summer, as the mean Ångström exponent (AE) values are not as
low as expected for this season, when, typically, more but less-intense desert dust transport
events occur.

In general, the same hourly patterns are observed throughout the seasons. Overall,
results show that despite the different number of night-time and daytime observations,
there is continuity between the statistical parameters provided by each type of data. Slightly
higher median values were found for night-time measurements, particularly during sum-
mer months; this could be related to daily convective processes. Also, sky radiance mea-
surements over the sun aureole are available during the daytime, and are useful for the
cloud-screening of high and optically thin clouds, like cirri; however, these measurements
are not available at night-time for lunar aureole, so some outliers during the night-time are
likely contaminated by the presence of such high clouds. The AOD and AE values remain
almost constant throughout the day except at sunrise and sunset, when there is less data
availability. When computing the typical daily pattern of the entire dataset, the highest
AOD value is found at 6:00 UTC and the lowest at 18:00 UTC.

To conclude, this study provides a better characterization of Valladolid’s atmosphere.
The results suggest that night-time data have good continuity with daytime data, and are
necessary in order to complete the aerosol climatology, particularly at high-latitude sites,
and to understand aerosol dynamics between day and night. A deeper study into the daily
patterns could help to understand the smaller variations between sunrise and sunset. Also,
improvements in the cloud-screening algorithms could help to reduce the uncertainties in
these hours.

For future research, it would be advantageous to compare these patterns across various
sites that also have sun–sky–moon photometers. Moreover, the availability of this kind of
high-quality data enables the creation of a complete dataset for comparison and validation
with measurements from other instruments that operate continuously, such as in situ
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instrumentation or satellites. This dataset can also be implemented in conjunction with
data from other instruments, including all-sky cameras, ceilometers, and lidars, which
provide continuous measurements, in the retrieval of aerosols properties, to gain a deeper
understanding of their behavior in the atmosphere.
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Figure A3. Box plot for the monthly evolution of AOD at 380 nm (AOD380; panel (a)), 500 nm
(AOD500; panel (b)), 675 nm (AOD675; panel (c)), 870 nm (AOD870; panel (d)), 1020 nm (AOD1020;
panel (e)) and 1640 nm (AOD1640; panel (f)) at Valladolid. The first (Q1) and third (Q3) quartile for
the monthly dataset correspond to the upper and lower box limits. The median (Md) is represented
by a horizontal black line, while the mean (M) is represented by a circle. The triangles show the
5th (P5) and 95th (P95) percentile values. The ± standard deviation is represented by an error bar
centered on the mean value.
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