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Abstract

The relationship between columnar and surface aerosol properties is not a straightforward problem.
The Aerosol Optical Depth (AOD), Angstrém exponent (AE), and ground-level Particulate Matter
(PMx, x=10 or 2.5 um) data have been studied from a climatological point of view. Despite the
different meanings of AOD and PMx both are key and complementary quantities that quantify
aerosol load in the atmosphere and many studies intend to find specific relationships between them.
Related parameters such as AE and PM ratio (PR=PM,s/ PMyp), giving information about the
predominant particle size, are included in this study on the relationships between columnar and
surface aerosol parameters. This study is based on long measurement records (2003-2014) obtained
at two nearby background sites from the AERONET and EMEP networks in the north-central area
of Spain. The climatological annual cycle of PMx shows two maxima along the year (one in late-
winter/early-spring and another in summer), but this cycle is not followed by the AOD which shows
only a summer maximum and a nearly bell shape. However, the annual means of both data sets
show strong correlation (R=0.89) and similar decreasing trends of 40% (PMj,) and 38% (AOD) for
the 12-year record. PMj, and AOD daily data are moderately correlated (R=0.58), whereas
correlation increases for monthly (R=0.74) and yearly (R=0.89) means. Scatter plots of AE vs.
AOD and PR vs. PMy, have been used to characterize aerosols over the region. The PR vs. AE
scatterplot of daily data shows no correlation due to the prevalence of intermediate-sized particles.
As day-to-day correlation is low (especially for high turbidity events), a binned analysis was also
carried out to establish consistent relationships between columnar and surface quantities, which is
considered to be an appropriate approach for environmental and climate studies. In this way the link
between surface concentrations and columnar remote sensing data is shown to provide useful

information for aerosol characterization from a climatological context, despite some limitations.
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Capsule
The relationships between surface and columnar aerosol properties are strongly impacted by high

turbidity events. The best correlations are obtained for the annual scale.

1. Introduction

A common reference indicator for particulate air quality is the concentration of particulate
matter (PM) at ground level, which is given in units of mass per unit volume of air (ng m>). The
PM size fraction represented by PM;o and PM, 5 are the most available and commonly used metrics.
The PMyy, often called “inhalable particles” (EMEP, 1996; Brown et al., 2013), refers to particle
fraction with aerodynamic diameters less than 10 um. In the same way, PM,5 or “fine particles”
(diameters below 2.5 pum) is another measure of particulate matter. The latter is associated to
hazardous effects, having far greater efficiency than “coarse particles” (2.5-10 um) to penetrate the
respiratory system and reach the alveolar regions. Consequently, PMy, is usually used as a standard
for measuring aerosol loading, while PM;;s is linked to health and visibility impacts (Pope 111, 2000;
Pope 111 and Dockeri, 2006).

In the last decades national and international institutions have set limits and guide values for
the concentration of various PM size fractions with the aim to protect public health and
environment (Delucchi et al., 2002; WHO 2006; EC, 1999, 2008). Although so far this objective
has not been universally achieved (Fussel and Jol, 2012), decreasing trends in yearly average have
been observed in many European countries (EMEP, 2011,2014; Tarseth et al., 2012; Cusack et al.,
2012; Boucher et al., 2013; Querol et al., 2014). These reductions are certainly attributed in a great
part to the application of these abatement strategies of air pollution (EMEP, 2014). A significant
effort has been dedicated to the implementation of continuous ground-based “in-situ” monitoring
networks. The European Monitoring and Evaluation Programme (EMEP) established these
networks with the goal of studying Long-Distance Atmospheric Pollution. This network provides to
scientific community and governments quantitative information on the transport of air pollutants
across national boundaries, associated deposition and concentration levels (Tarseth et al., 2012;
EMEP, 2011; 2014). However the EMEP PMXx observations are too sparse to resolve the large
spatial and temporal aerosol variability and thus other measurement techniques, such as remote
sensing at ground-based or satellite platform, may also be used.

Other networks for aerosol studies are based on powerful remote sensing techniques, like
AERONET (Aerosol Robotic Network), which was created in the 1990’s as a federation of national
and regional networks managed by NASA. It is a dense network of ground-based sun photometers

providing a continuous database of remotely sensed aerosol measurements at more than 400 sites
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around the globe (Holben et al., 1998). Such networks constitute a valuable source of information
for the establishment of local and regional aerosol characterization and climatology (Holben et al.,
2001; Dubovik et al., 2002; Toledano et al., 2007a; Bennouna et al., 2011; 2013; Mateos et al.,
2015).

The primary aerosol parameter provided by remote sensing is the Aerosol Optical Depth
(AOD), describing the extinction of the electromagnetic radiation in a given atmospheric column
attributed to aerosols at a given wavelength. This is the key parameter for measuring the columnar
aerosol load. The advantage of this methodology using radiation-particle interaction is the
complementary information provided by AOD wavelength dependence, related to the size of
particles. The Angstrom exponent (AE) derived from AOD wavelength dependence is the
parameter supporting this kind of information being the smallest this parameter the largest the
particles. However, the AOD is a complex function of the aerosol mass concentration, mass
extinction efficiency, relative humidity, and vertical distribution of aerosols, and hence several
authors have investigated the relationships between AOD and columnar aerosol volume/mass
concentration, surface PMx, mass deposition, or other quantities (Cachorro and Tanré, 1997,
Kacenelenbogen et al., 1996; Pelletier et al., 2007; Kokhanovsky et al., 2009; Rohen et al., 2011;
Toledano et al., 2012, among others).

The AQOD, as a parameter representing the extinction over the whole atmospheric column, has
a theoretical link with columnar particle volume concentration or columnar mass concentration
through the definition of volume/mass efficiency factor (Cachorro and Tanré, 1997; Kokhanovsky
et al., 2009; Toledano et al., 2012), but the link of these columnar properties with surface
concentration given by PMy, (or PM,5) measurements is not a straightforward problem and hence
empirical relationships are usually established (e.g., Estellés et al., 2012 and references herein;
Rohen et al., 2011).

In this context and restricting the study to AOD data given by ground-based observations we
are interested in the relationships AOD-PMy, including derived quantities such as Angstrom
exponent (AE) and ratio of PMx fractions (PM2s/PMyp), related with particle size, which also need
to be involved in the study of these relations. Thus, the objective of this work is to investigate in
detail the relations between these four complementary parameters from a climatological point of
view relying on 12 years of overlapping AOD and PMyx data (2003-2014) over two background
stations of the large region of “Castilla y Leon” in the North-central Iberian Peninsula. This plateau
presents a clean continental background aerosol without local pollution and it is adequate for this
kind of study. The sites belong to EMEP and AERONET-Europe networks respectively, which
certify the quality of the used data. To our knowledge this is the first time that this kind of study is
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carried out taking an area with these characteristics and lengthy records, emphasizing the
climatological aspect.

It is relevant to note here that in the study area the highest levels of PMx are attributed to
desert dust intrusions (Rodriguez et al., 2001; Escudero et al., 2005, 2007; Toledano et al., 2007a;
Cachorro et al., 2008), because events of high AOD can also be due to external anthropogenic
pollution (showing less influence on PMx values). Impact of desert dust aerosols on AOD
(Toledano et al., 2007b; Cachorro et al., 2013) and PMx (Querol et al., 2009; Cachorro et al., 2014;
Pey et al., 2013) are of particular interest for the Mediterranean Basin because they have a strong
influence on the relationships established hereafter which opens new perspective on their potential
use in aerosol studies.

The paper begins by introducing the region of study (section 1) and the description of the
datasets (section 2). The results are presented in several sections. Section 3.1 gives a brief analysis
of the annual cycle, interannual variability and temporal trends. In section 3.2, columnar scatter
plots of AOD-AE and surface scatter plots PMi,-PR are examined in order to address general
findings in terms of general aerosol characterization. Section 3.3 establishes and analyses the
relationship PM1o-AOD and section 3.4 the PR-AE one. Section 3.5 gives the latter relationships
under the analysis of binned data.

2. Measurement sites and data

The locations of the two sites used in this study are presented in Figure 1: the rural village of
Pefiausende (41.24N, 5.90W, 985m. a.s.l.) and Palencia City (41.99N, 4.52W, 750 m. a.s.l.), both
belonging to the autonomous community of “Castilla y Leon” (CyL). This region located in the
North Central part of the Iberian Peninsula lies on the northern plateau of Spain (Castilian Plateau),
which has an average altitude of ~800 m, and is crossed by the Duero River, forming a narrow
valley. The Castilian Plateau is surrounded by mountains (about 2000-2500 m) that reduce Atlantic
and Mediterranean influences, thus leading to the continental climate characterizing this region. The
CyL region spans a territory of 94193 km? with 27 inhabitants per km? making it the most sparsely
populated region of Spain. The biggest metropolitan center of the region is Valladolid City
(~400,000 habitants). The small city of Palencia (~100,000 inhabitants) is located about 50 km to
the northeast of Valladolid. The little village of Pefiausende (~500 habitants) is located in the
province of Zamora, about 100 km to the east of Valladolid. Both Palencia and Pefiausende sites,
are relatively well isolated from big urban and industrial centers, and can therefore be classified as

regional background sites.
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At Pefiausende, PMx measurements have been carried out continuously since 2001 by means
of gravimetric methods, however we only used data from 2003 onward for the overlapping period
with AOD data. The samples are collected on quartz fiber filters using MCV-PM1025 high-volume
samplers operating at an average flow rate of 30 m® h™ with 10pum/2.5um cut-off inlets. Sample
treatment, analytical procedures and quality assurance were performed according to the details
described in the EMEP Manual for Sampling and Chemical Analysis (EMEP, 1996). The PM, and
PM,s samplings were carried out on a daily basis. Table 1 sums up the number of EMEP PMXx
measurements available by year. On average, 90% of yearly data are usable. The PR values are
derived from the two independent PMx measurements when both are available.

Columnar aerosol properties, here aerosol optical depth and Angstrém exponent, are derived
by direct sun and sky radiation sunphotometer measurements. The AOD gives the total load of
aerosol over the vertical column and it is generally measured at various wavelengths. This spectral
wavelength dependence defines the AE parameter related to particle size (Cachorro et al., 2000;
Vergaz et al., 2005; Toledano et al., 2007a), and thus gives information about the prevalence of fine
or coarse fractions. The AERONET AOD at 440nm and the AERONET derived value for AE,
using wavelengths in the range 440-870nm, are used in this study.

A Cimel sunphotometer belonging to RIMA (Iberian Network for Aerosol Measurements)
located at the outskirts of Palencia (University Campus, Superior Technical School of Forestry and
Agricultural Engineering) and operating in the frame of AERONET-EUROPE (Holben et al., 1998;
Goloub et al., 2012), provided continuous aerosol measurements from 2003 to 2014 with the
exception of a long period between 2009 and 2010. This gap in Palencia data was completed by
values from Autilla station, another nearby RIMA-AERONET site (3 km apart from Palencia city;
Bennouna et al., 2013). Raw AOD data provided every 15 minutes by direct sun radiation
measurements are cloud-contaminated (level 1.0), thus an automatic cloud screening algorithm
(Smirnov et al., 2000) is applied to obtain level 1.5. The final data level named “quality assured”
level 2 is the one used in this study, where pre- and post-calibration are accounted for with a final
manual inspection according to AERONET protocols. The AOD accuracy for level 2 AERONET is
about 0.01 in the visible and near infrared spectral regions (Eck et al., 1999).

We must emphasize that the distance between both monitoring sites (~100 km) is not an
obstacle to link the aerosol properties in this representative area of the North-central Spain, because
the plateau between them with no relevant local aerosol sources and where external events of high
turbidity are clearly identified at both sites at the same time. Otherwise, the different intrinsic

measurement techniques (one based on 24h filters for PMx values which represent an accumulative
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measure while daily sun-photometer data are based on nearly instantaneous, every 15-minutes,

values) seem to play a major role on the AOD-PMx differences.

3. Results
3.1. Climatological annual cycle, variability and trends of AOD, PMx, AE and PR.

A quick description of the annual cycle from 2003 to 2014 is shown for AOD, AE, PM;o and
PR quantities in Figure 2, and Figure 3 presents their respective interannual variability; associated
statistical values are reported in Tables 2-5. At Pefiausende the mean value and standard deviation
of PMyis 10.6 + 9.0 ug m™ and the AOD at Palencia is 0.13+0.09, given a ratio of 81.5 ug m™ per
unit of AOD (near 100). What stands out is the high standard deviations of 85% and 69%
respectively, indicating high variability (also shown by Tables 2-3). The most important feature is

the low level of aerosol load in the study area representative of a rural regional background.

3.1.1 Climatological annual cycle

The climatological annual cycle of PMj, (see Figure 2a) is characterized by high values in
late-winter/early-spring and summer, and low values in winter and fall, with two maxima, one in
March (11.4 pg m™) and the other in August (14.7 ug m™), with a pronounced minimum between
them. Like for PMjo, the lowest values of the AOD are found in winter (~ 0.09) and the highest
values in summer (~ 0.15) with increasing (decreasing) values in spring (fall) resulting in a nearly
bell shaped annual cycle. However, no relevant minimum in spring appears for the AOD, although a
slight minimum can be observed in May. Therefore, the most obvious difference between the mean
annual cycles of AOD and PMyj is the presence of these two clear seasonal maxima for PMy,.

Although it is not shown here, the climatological curve of PM, s presents the same variations
and shape as that of PMy,. The PMyy and PM,s data are strongly correlated with a Pearson
coefficient of R=0.89 and a slope of 0.58, which corresponds to the mean value of PR. Thus the
annual cycle of PR (Figure 2b) shows very little variation in the monthly means with slightly higher
values in winter, being nearly constant around the average value of 0.58 £ 0.15 (Table 3). The
Angstrém exponent is also rather constant throughout the year, with an average value of 1.28 +
0.37, but with lower values in winter-spring than during summer-early fall. Therefore, there is a
discrepancy between PR and AE annual cycles during summer months. For both PR and AE
parameters, day-to-day variations within a month are generally large for all months as indicated by
the great variability associated to the means (Tables 2-3 and Figure 2), but they present monthly
means around their total average and hence these two parameters correlate poorly, as discussed

later. From the analysed variations it seems that PR is relatively less sensitive to particle size
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variations as compared to AE. This may be also noted when analysing in detail major desert dust
events that lead to an important decrease of the AE parameter while PR values remain little affected
in these cases (Cachorro et al., 2013, 2014). These results show that on average aerosol particles of
intermediate size are representative of the north central area of the Iberian Peninsula.

As mentioned, the area of “Castilla y Ledn” is characterized by prevalent clean atmospheric
conditions with the occurrence of moderate-to-strong desert dust intrusions or long-range
transported pollutants of anthropogenic origin (see P95 percentiles in Tables 2-3). We must bear in
mind that in this area only desert dust (DD) outbreaks contribute substantially to the values of PMXx,
whereas fine particles which characterize anthropogenic pollution aerosols events, have relatively
less influence over mass concentration. On the contrary, AOD is impacted in a similar way by both
types of events. This fact partly explains the differences between both annual cycles, one of the
most important causes being the vertical distribution of aerosols and the complex deposition
processes introducing different time delay between surface and columnar detections. Another
reason is the intrinsic differences in measurement techniques of both quantities, as already

mentioned.

3.1.2 Interannual variability and trends

A moderate year-to-year variability of both PMjy and AOD data is observed in Figure 3a with
a similar decreasing trend during the period 2003-2014. Using the Mann-Kendall Trend Test with
the Sen’s Slope method (e.g., Mateos et al., 2015), PMy gives a trend of -0.42 ug m™ per year with
a 95% confidence interval of [-0.55,-0.3], thus resulting in a reduction of 40% during the period
2003-2014. The AOD trend is -0.005 (-38%) with a confidence interval of [-0.007,-0.004]. Hence,
both parameters show similar reduction, which suggests that the evolution of one of these
parameters can be inferred from the other. These decreasing trends and possible causes have been
analysed recently by various authors for PMx data (Barmpadimos et al., 2012; Cusack et al., 2012;
Querol et al., 2014; Mateos et al., 2015) and for AOD (Mateos et al., 2014, 2015) over the Iberian
Peninsula. Although not relevant, the differences between the results of these authors can be
attributed to the use of different mean values (yearly or monthly), periods and methods.

Figure 3b presents the inter-annual variability for the PM ratio and AE parameters, where AE
appears to be more variable than PR (also at monthly level, not shown here). Though weak as
compared to that of AOD/PMy,, there is also a decreasing trend which is more pronounced in PR
and less obvious in AE. For each year PM ratio remains relatively constant throughout the seasons
with some slight differences between one year and the other during summer (not shown). On the

contrary, for AE the shape of the seasonal pattern appears to be different from one year to the next,
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thus on a monthly level AE parameter is more variable than PR. In order to properly interpret these
results, we must bear in mind that AE can vary from 0 to 2.5 while PR range is between 0 and 1.
The PR exhibits a reduction trend over the 12 analysed years of 22% (due to the fact that PM;s
presents a reduction of ~60%) whereas AE only shows 8% reduction (value within the range of
annual variability), which highlights the fact that each quantity is related to particle size in a
different way: PR linked with the strong reduction of particle concentration and AE more linked
with the AOD spectral dependence (remember that the effectivity of particle-radiation interaction is
related to the size of particles and the range of wavelength).

It is important to note here that the observed differences between these surface and columnar
properties cannot be attributed to different samplings (i.e. total number daily data around 70% for
AOD against 90% for “in-situ” data), since the climatological analysis using only PM1o-AOD
coincident pairs yields to similar results. Bear in mind that PMx measurements are made under all
weather conditions including overcast and/or partially cloudy conditions where there are no or few
available data for the AOD. Cloud screening in AOD measurements under highly variable turbidity
episodes (such as relatively strong desert dust intrusions) affected by clouds is extremely difficult.
Therefore, specific cases such as a desert dust episodes clearly detected by PMx data, may not be
visible in AOD, leading to discrepancies in monthly means which in turn affect yearly means. In the
present data set yearly means are not affected by these sampling issues and correlate strongly as
shown later on (section 3.2.2). However, if a high discrepancy in PMx-AOD yearly mean is

observed, it is reasonable to suspect possible problems in the database.

3.2. Relationships between AOD-AE, PMj-PR

In order to better understand the relationship between columnar-surface quantities it is
relevant to know previously the distinct behaviour of each pair: AE-AOD on one hand and PR-
PMjo on the other.

3.2.1. AE-AOD columnar relationship

Figure 4 is a plot of the AE parameter versus AOD for daily (figure 4a-b) and instantaneous
databases (Figures 4 c-d) with values of PMy (a, ¢) and PR (b, d) represented by a colour scale. For
shake of clarity, Figures S1 and S2 (supplementary material) separately show each category of
PMy, or PR and a 3D plot of the AE vs. AOD. These AE-AQOD scatterplots of intensive-extensive
quantities are part of the general site aerosol characterization and hence frequently used in columnar

aerosol studies. Indeed they link particle size with the amount of aerosols allowing to classify or
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discriminate aerosol types according to defined aerosol climatological models, such as continental,
maritime, desert dust, biomass burning, etc. (Hess et al., 1998; Eck et al., 1999; Vergaz et al., 2005;
Toledano et al., 2007a) and to quantify their respective contribution. The PMjoand PR range values
in the graphs of Figure 4 allow a comprehensive analysis of these four quantities, and together with
Figure 5 are necessary for a deeper interpretation of the relationship between them.

As it can be seen in Figure 4a, most AOD-AE daily averages (about 80%) are in the range of
0.0-0.2 and 1.0-2.0 respectively, which are typical of a clean continental area (e.g., Toledano et al.,
2009; Bennouna et al., 2013). PMy values from 0-10 pg m™ (50% of total) extend over the whole
range of AOD with 47% corresponding to AOD <0.10 (inset in Figure 4a). For these data sets AE
parameter also cover all range of sizes from 0 to 2. These values of PM;g below 10 ug m™ together
with those between 10-20 ug m® (38% of data) are the most frequent and extend over all the ranges
of the plot (dark and light blue points), considerably surpassing the AOD value of 0.2 and even
reaching the highest AOD values. Bearing in mind that the average of AOD is 0.13+0.9, mean value
plus the standard deviation is 0.22, therefore values higher than this threshold may be considered
events of high turbidity in this area, being considered as high-to-moderate between 0.2-0.3 and
higher than 0.3 as strong-extreme cases. These cases of high turbidity represent 18% of the total
AOD database. On the other hand, PMy values larger than 20 pg m™ only represent 12% of total
data which are represented by green points in Figure 4a (PMyg between 20 to 40 ug m™ with AOD
from 0.1 to 0.6) and red-brown points (PMyg greater than 40 pg m™ are only 2.6% of the total
values, thus few days correspond to strong-extreme events of high turbidity) in Figure 4a.

The same can be observed in Figure 4c corresponding to instantaneous values, which
illustrates a more detailed information and provides a better view of the results. For example, the
particularly strong extreme events in AOD correspond to intense desert dust intrusions of very low
AE values (bottom branches of brown colour with PMyo values higher than 50 pg m™) or to
anthropogenic pollution events coming from far off areas of our region with high values of AE (top
branches of green colour). Furthermore, mixed aerosol type (blue light colour) with values of AE in
1-1.5 but moderate PMg values (10-20 pg m™ interval) are clearly visible in the centre of Figure 4c.
Although these two figures (4a, c) allow a good characterization of aerosols, we must note that in
general there is a great mixing between the different range of values of both PMy, and AOD data.
This behaviour means a weak connection between AOD and PM;o under certain conditions when
taking daily data, as discussed later on.

With respect to particle size Figures 4b,d illustrate the behaviour of daily and instantaneous
AE-AOD values but now with the colour scale representing PR values. Values of PR below 0.3 are

not frequent (blue points: 2% of total) and also correspond to the lowest AE values. These values
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represent very pure desert dust aerosols (or weakly mixed with other aerosol types during transport)
with values of AOD beyond 0.2. The PR values between 0.3-0.5 (green points, 19%) are largely
missing from the figure but they span the whole range of AE (between low values up to ~2) and
AOD. The majority of PR daily data (purple points, 50%) range from 0.5 to 0.7 and cover all the
ranges on the AE-AOD plot with the exception of extreme desert dust (bottom-right area). These
PR values represent medium particle size, also corroborated by AE values (observe the branches at
AE ~1.3 and that at 1.8), and include pollution episodes with the highest AOD (right-top branches)
which is not the case for PMyo. The PR values larger than 0.7 (orange, red and brown colours
points, ~23%) point out particles of medium-to-fine size and hence have values of AE greater than
1 and with AOD values up to 0.4. The region around AE ~1.2-1.5 and AOD ~ 0.1 corresponds to
the highest density of data points.

3.2.2 Surface PR-PMjo Relationship

Figures 5a-b presents the scatterplots of daily data of PR versus PMy, (equivalent to Figures
4a-b for AE-AOD) with values of AOD and AE represented by a color scale. For shake of clarity,
Figures S3 and S4 (supplementary material) separately show each category of AOD or AE and a 3D
plot of the PR vs. PMy. These scatterplots are not usually analysed in air quality studies based on
PMx data. As only daily values are available for these quantities, there is a certain limitation in the
information compared to the combination of AOD-AE data (Figure 4 c-d), especially when events
must be analysed in detail. The most curious is the shape the data points take in the figure, curves
resembling those of “the wings of a butterfly”, which are due to the low values of PMx where the
points are discretized (integer values for PMyo and PM35) and superimposed. As it can be seen, only
for very low PR values (less than 0.4) or larger PMy, values (about 20 ug m™) the points appear as
scattered points in the figure. This discretized behaviour makes that important information is
missing in the figure. Blue points are masked in Figure 5a (this information can be seen in
supplementary material), and they correspond to AOD from 0 to 0.2 and account for the majority of
all points.

In Figure 5b (with AE in the colour scale) only the range of light-green points for AE between
1-1.5 are masked by superimposed dark-green points of AE values between 1.5 and 2. Both ranges,
representing medium and fine particles, are the most abundant. Obviously, most of the behaviour
shown by Figure 5 is already described in Figure 4. However, it is relevant to conclude that AOD-
AE scatterplot for daily data contain more useful information than that of PMo-PR. The reason
behind this behaviour is that AE has more valuable information about particle size than PR, as

mentioned before. Actually, PR is a simple ratio of concentrations but AE contains the spectral

10
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AOD dependence, which according to the Mie Theory carries useful information about particle size
because of the complex interaction of particle and radiation.

3.3 Relationships between columnar and surface load of aerosols, PMo-AOD.

The useful information given by the above plots will help us to better interpret the PM;o,-AOD
relationship. Figure 6a-b shows this relationship using the 2622 coincident days where AE and PR
values are represented by a colour scale, respectively. The moderated-to-low correlation of PMyg-
AOD is due to the bulk of points covering the different ranges of values as analysed before. For
instance, calues of PMyq below 20 pg m™ contain most of the AOD values up to 0.3. There are very
few points beyond AOD=0.4 and PM3=40 pg m™ which are well observed in the graph, most of
them corresponding to desert dust intrusions (e.g., Cachorro et al., 2008; 2013; 2014) as it is
indicated by the blue colour of AE and PR. Days of anthropogenic pollution are also detected with
moderated-to-high values of AE and PR (purple and orange colours). As expected, in general PMyg
values increase with AOD but with a wide range of variation. For episodes of high—to-extreme
intensity, both AOD and PMyq present high values and their correlation is very dependent on the
type of episode (anthropogenic pollution or desert dust) and on atmospheric conditions. For
example, in the case of desert dust episodes there are important day-delays between the detection by
PMjo and by AOD, which cannot be explained easily due to the complex deposition processes.

The correlation established in Figure 7a for daily data presents a slope of 62.7 and an intercept
of 3.5 (a slope of 80.0 is obtained when the line is constrained to pass through the origin). As
expected, and considering other works (e.g., Kacenelenbogen et al., 2006; Estellés et al., 2012),
these two parameters are moderately correlated with a correlation coefficient of 0.61 (p-value less
than 0.001), lying between the 95% confidence interval (0.54-1). The PM1,-AOD correlation is
improved when considering monthly means (Figure 7b) increasing the correlation coefficient to
0.74 (p-value less than 0.001), with a slope of 69.4 and an intercept of 2.3. Finally the correlation
for yearly data (Figure 7c) has a similar slope to monthly data and an intercept of 1.4, with a very
high correlation coefficient R=0.9. Indeed, a likely primary reason for this overall moderate
correlation is the high variability of aerosols in a short range of AOD and PMy, due to the clean
conditions of the area where the prevailing particles (about 85%) are medium-to-fine size with AE
between 0.8-1.7 and PR between 0.5-0.8. These aerosol particles have a large influence on AOD but

contribute much less to mass of PM;g in comparison to larger particles.
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3.4 Relationships between columnar and surface particle size parameters: PR-AE.

Finally, Figure 8 plots PR versus AE with values of AOD and PMy, represented by a colour
scale. For shake of clarity, Figures S5 and S6 (supplementary material) separately show each
category of AOD or PMy, and a 3D plot of the PR vs. AE. As can be seen, a very low correlation
exists between daily values of both parameters because dark and light blue colours extend
everywhere covering all the AE-PR ranges. Green points that represent high turbidity events of
moderate-to-high intensity, i.e. AOD in the range (0.2, 0.4) and PMyg in (20, 40 pg m™), are mainly
positioned over the range of fine particles (towards the right-top about PR=0.7 and AE=1.5) but
also extend everywhere. Finally red-brown points of very high and extreme turbidity episodes
appear defined by two clusters (although with some sparse points) for AOD (Figure 8a) but not for
PM;o (Figure 8b). One cluster given by desert dust type (bottom-left) appears in both Figures 8a-b
but the cluster representing anthropogenic aerosols (industrial, urban, or biomass burning, right-top)
is not well defined for PMy, values in Figure 8b. One possible reason may be that mineral dust
particles have a larger density as compared to anthropogenic aerosols for the same AOD value
because the former have a larger impact on the mass concentration over the PMXx filters.

These established correlations are highly site-dependent and this limits its possible application
to other areas but they may be useful when there is a lack of PM, or AOD data over long time
periods. Furthermore, we have observed that the non-correspondence between both quantities for
yearly data (for example AOD increase with a PMo decrease) allows the detection of possible

problems in the data series.

3.5. PM1p-AOD and PR-AE relationship using binned data.

Finally, because of the low correlation in the day-by-day data between the four quantities as
described above, in Figure 9 we have examined using binned data fundamental PM;o,-AOD and PR-
AE relationships but also the complementary relationships PM1o-AE and PR-AOD. In Figure 9a,
PMyg is represented as a function of the binned AOD, in the interval 0-1 by steps of 0.05. Each
point of the curve corresponds to PM, average for a given bin of AOD, and the associated standard
deviation is represented by vertical bars. As shown, PMjo increases slowly and regularly as the
AOD reaches about 0.25, but beyond this value the increasing slope is more irregular until PMjg
reaches a maximum of about 47 ng m™ (at AOD~0.55). For AOD > 0.55 there are only few data
(see histogram) with irregular increasing or decreasing behaviour of PMq values, which correspond
to exceptionally strong events of high atmospheric turbidity. These highest AOD with the highest
PMyo values (i.e., appearing as scattered points in Figure 4 and 6) belong in general to desert dust
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intrusions (as the study case of July 2004 described in Cachorro et al., 2008), while other are due to
episodes of anthropogenic pollution or biomass burning.

In these cases both types of data, PM3, and/or AOD data detect the existence of a strong event
but do not always correspond in time. In the case of desert dust outbreaks for example, the
maximum of AOD is not always coincident with the maximum of PMjo on a daily basis. This is
because of the sedimentation process, as it is the case for the episode of low AOD and high PMy,
observed in Figure 7a (dark green point corresponding to the month of May). In the case of strong
anthropogenic pollution episodes the high AOD is generally accompanied by lower PM1q values as
compared with desert dust intrusions.

These results are corroborated by Figure 9b, which is analogous to Figure 9a but this time
with PR instead of PMyg. The slight increase in PM3,-AOD observed in the previous graph for low
AOD is reflected here in the nearly constant behaviour of PR around 0.6, being practically
independent of the AOD. For the last points with AOD higher than 0.5 (a very irregular zone), PR
presents minima in the same AOD bins where the maxima are observed for the PM;, and vice versa,
indicating a high correlation between bin-averaged data of PR-PM,. This explains the fact that high
episodes are well detected by the two data series of PMyy and AOD, but not necessarily with a
systematic day-to-day correlation.

Figures 9c-d present analogous plots where the same data are binned according to AE values.
As expected and observed in Figure 9¢, PMyo bin-averaged and associated standard deviation are
the highest for the lowest AE values, which correspond to the occurrence of desert dust intrusions.
The highest PMjo values decrease sharply until AE=0.6, followed by a nearly stable behaviour for
AE values above 0.7. This result for PM1o-AE highlights the well-known inverse correlation AOD-
AE for desert dust episodes. In Figure 9d, PM ratio increases monotonically and smoothly with the
increase of AE in all AE ranges, just breaking at both extremes where irregularities occur under
desert dust (left) or high-pollution (right) episodes. This figure emphasizes the existence of a low
correlation between these two parameters as illustrated also by Figure 8. It is only under very high
or extreme episodes with very low or very high AE or PR values, when both quantities present a

clear correspondence.

5. Conclusions

In this study long-term data (2003-2014) of two nearby background sites in the North-central
Iberian Peninsula were used to analyse the relationship between surface and columnar aerosol loads
considering PMjo, AOD, AE and PR data, where PM;o and AOD indicate the aerosol load, and AE
and PR are related with particle size. The different relationships between these four quantities are
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investigated from a climatological point of view which also provides a general characterization of
these key aerosol properties in a regional background environment.

This perspective is different of that presented in previous studies, mainly focused on
establishing empirical relations between PMx (x=10 um or 2.5 pum) and AOD in order to estimate
or predict PMx, as a parameter that addresses air quality over big cities or large polluted areas. In
most of these cases the AOD is provided by satellite sensors, which indeed presents the great
advantage of large spatial coverage, but also carries much larger uncertainty as compared to
ground-based measurements. Here, the study is carried out over a clean environment where the
synergies between surface and columnar aerosol properties are long-term established.

The different relationships between these surface-columnar quantities are analysed by means
of scatterplots because of their ability to show nonlinear relationships between the different
parameters. In this study, not only the correlation between the aerosol load represented by PMy, and
AOD is thoroughly analysed, but also their relations with AE and PR. Although there is, to a greater
or lesser extent, a physical-theoretical basis to support the existent relationships between them, the
complex physical processes and the dependences on other involved factors give rise to
consideration of these relations from an empirical point of view. As a consequence, the
mathematical expressions sometimes established (e.g., simple linear equation), are not always
recommended.

Although the encountered correlations are generally low for daily data, they improve
considerably for monthly or yearly means, and give very consistent relationships for binned data.
As already mentioned these relationships depend on the aerosol characteristics of the site, and
because of the clean and background conditions of our study area, they present a short range of
AOD and PMy, values compared to other more polluted areas.

Despite the limitations mentioned throughout the paper, it is shown that for long-term series
the synergy between surface and columnar remotely sensed data can still be quantitatively explored
to provide useful information for aerosol characterization and general trends from a climatological

point of view.
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Tables

Table 1. Yearly statistics of EMEP PM3o, PM ,5, and AERONET AOD data counts in the region of

study for the period 2003-2014.

Year | N.daysand (%) | N.daysand (%) | N. days and (%)
PMio PM; 5 AOD-AE
2003 330 (90.41%) 317 (86.85%) 156 (42.74%)
2004 338 (92.35%) 329 (89.89%) 265 (72.40%)
2005 330 (90.41%) 340 (93.15%) 295 (80.82%)
2006 339 (92.88%) 324 (88.77%) 190 (52.05%)
2007 336 (92.05%) 327 (89.59%) 271 (74.25%)
2008 317 (86.61%) 320 (87.43%) 280 (76.50%)
2009 329 (90.14%) 321 (87.95%) 256 (70.14%)
2010 331 (90.68%) 326 (89.32%) 244 (66.85%)
2011 340 (93.15%) 339 (92.88%) 269 (73.70%)
2012 315 (86.07%) 334 (91.26%) 252 (68.85%)
2013 328 (89.86%) 336 (92.05%) 220 (60.27%)
2014 316 (86.58%) 310 (84.93%) 249 (68.22%)
Mean 329(90.12%) 326(89.53%) 245(67.25%)
Total 3949 3923 2947
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686  Table 2. Monthly statistics of the AOD(440 nm) and AE parameters for the period 2003-2014 based
687  on daily values, with the number of days (with percentage in parentheses), mean, median,

688  percentiles (P25, P75, P5, P95), minimum (Min) and maximum (Max) values.

689

690 Aerosol Optical Depth, AOD
Month Mean +
N. days (%) STD Median P25 P75 P5 P95  Min Max
Jan 134 (36.02%) 0.09+0.08 0.06 0.05 0.11 0.026 0.23 0.014 0.71
Feb 215 (63.42%) 0.11+0.08 0.09 0.05 0.15 0.033 0.27 0.019 0.51
Mar 230 (61.83%) 0.14+0.09 0.11 0.07 0.17 0.046 0.29 0.028 0.80
Apr 223 (61.94%) 0.15+0.09 0.13 0.09 0.18 0.058 0.34 0.036 0.57
May 296 (79.57%) 0.14+0.07 0.12 0.09 0.17 0.061 0.29 0.045 0.40
Jun 258 (71.67%) 0.16+0.09 0.13 0.09 0.21 0.059 0.34 0.034 0.61
Jul 333 (89.52%) 0.15+0.11 0.12 0.08 0.19 0.050 0.37 0.024 0.87
Aug 320 (86.02%) 0.15+0.11 0.10 0.07 0.19 0.044 0.37 0.027 0.65
Sep 312 (86.67%) 0.14+0.09 0.13 0.07 0.19 0.042 0.34 0.026 0.61
Oct 255 (68.55%) 0.11+0.08 0.08 0.06 0.14 0.038 0.26 0.016 0.61
Nov 199 (55.28%) 0.08+£0.05 0.07 0.05 0.10 0.028 0.18 0.017 0.38
Dec 172 (46.24%) 0.08+£0.05 0.07 0.05 0.09 0.030 0.17 0.021 0.30
Total 2947(67.24%) 0.13+0.09 0.11 0.07 0.16 0.039 0.31 0.014 0.87
691 Angstrom Parameter, AE
Jan 134 (36.02%) 1.19+0.34 1.27 0.94 145 061 165 0188 1.77
Feb 215 (63.42%) 1.25+0.38 1.32 0.95 156 053 1.72 0.145 1.89
Mar 230 (61.83%) 1.19+0.38 1.24 0.95 1.48 049 172 0.015 1.83
Apr 223 (61.94%) 1.23+0.35 1.25 1.01 1.46 060 177 0.186 2.04
May 296 (79.57%) 1.25+0.28 1.25 1.08 1.42 0.74 1.68 0.299 2.05
Jun 258 (71.67%) 1.36+0.35 1.40 1.16 1.59 078 1.85 0.153 2.07
Jul 333 (89.52%) 1.42+0.37 1.48 127 164 065 1.88 0.086 253
Aug 320 (86.02%) 1.35+0.39 143 116 160 056 1.85 0.188 2.29
Sep 312 (86.67%) 1.35+0.33 1.38 1.15 158 0.75 1.81 0.233 225
Oct 255 (68.55%) 1.20+0.38 1.25 0.99 1.47 041 173 0.083 2.08
Nov 199 (55.28%) 1.19+0.39 1.29 0.89 1.47 046 172 0.082 1.86
Dec 172 (46.24%) 1.28+0.34 1.33 111 153 066 1.72 0.262 1.87
Total 2947(67.24%) 1.28+0.37 1.34 1.06 154 060 179 0.015 253
692
693
694
695
696
697
698
699
700
701
702
703
704
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705  Table 3. Monthly statistics of the PMjoand PM ratio for the period 2003-2014 based on daily
706  values, with the number of days (with percentage in parentheses), mean, median, percentiles (P25,
707 P75, P5, P95), minimum (Min) and maximum (Max) values.

708 PMig
Month N.days (%) MeantSTD Median P25 P75 P5 P95 Min Max
Jan 281 (75.54%)  6.9+4.9 5 4 8 3 17 2 36
Feb 297 (87.61%)  8.916.8 7 4 12 3 22 1 50
Mar 344 (92.47%) 11.4+12.5 8 5 13 3 29 2 143
Apr  332(92.22%)  8.446.1 7 5 10 3 18 2 48
May 352 (94.62%) 11.3%7.5 9 7 14 4 25 2 68
Jun 336 (93.33%) 12.9+8.8 10 8 15 5 27 3 90
Jul 356 (95.70%) 14.2+13.6 11 9 16 6 29 4 197
Aug 354 (95.16%) 14.7£11.7 11 8 16 6 35 3 94
Sep 331(91.94%) 12.1+5.9 11 7 15 5 23 3 39
Oct 342 (91.94%) 10.2+7.1 8 5 12 3 24 2 45
Nov 321 (89.17%)  7.3%5.5 6 4 8 3 15 2 49
Dec 303 (81.45%)  6.6+4.7 5 4 8 3 14 2 39
Total 3949 (90.1%)  10.6%9.0 8 5 13 3 25 1 197
709 PM ratio PR=PM,s/PMy,

Jan  254(68.28%) 0.63+0.17 0.66 050 0.75 0.33 0.87 0.08 0.94
Feb  282(83.19%) 0.63+0.18 067 050 0.78 033 0.87 0.18 0.97
Mar  330(88.71%) 0.60+0.16  0.60 0.50 0.71 033 0.83 0.25 0.93
Apr  305(84.72%) 0.60+0.14  0.60 050 0.71 0.33 082 0.17 0.92
May  338(90.86%) 0.58:0.14 0.60 0.50 0.67 0.33 0.80 022 0.96
Jun  321(89.17%) 0.58+0.13 058 050 0.67 0.37 080 0.12 0.92
Jul  345(92.74%) 0.58+0.12 059 050 0.67 0.30 0.76 0.27 0.92
Aug  346(93.01%) 057+0.12 057 050 0.67 0.37 070 0.19 0.94
Sep  318(88.33%) 0.56+0.12 056 050 0.64 0.37 076 0.17 0.90
Oct  322(86.56%) 0.53:0.14 051 0.42 063 0.30 070 002 0.86
Nov  304(84.44%) 0.55+0.15 050 044 0.67 0.30 0.80 0.04 0.88
Dec  277(74.46%) 0.61+0.16 0.63 050 0.75 0.33 0.83 0.19 0.93
Total 3742(85.38%) 0.58+0.15 0.60 0.50 0.68 0.33 0.82 0.04 0.97

710
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729
730
731
732
733
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735
736
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750
751
752

Table 4. Yearly statistics of the AOD(440 nm) and AE parameters for the period 2003-2014 based
on daily values, with the number of days (with percentage
percentiles (P25, P75, P5, P95), minimum (Min) and maximum (Max) values.

Aerosol Optical Depth, AOD

in parentheses),

mean, median,

Year Mean +

N. days (%) STD Median P25 P75 P5 P95 Min Max
2003 156(42.74%) 0.18+0.11 0.15 0.10 0.24 0.055 0.38 0.029 0.59
2004 265(72.40%) 0.15+0.12 0.12 0.07 0.19 0.041 0.38 0.026 0.87
2005 295(80.82%) 0.15+0.09 0.13 0.09 0.19 0.056 0.31 0.033 0.80
2006 190(52.05%) 0.14+0.09 0.13 0.07 0.19 0.038 0.30 0.016 0.42
2007 271(74.25%) 0.14+0.10 0.11  0.07 0.18 0.038 0.33 0.026 0.71
2008 280(76.50%) 0.12+0.08 0.11  0.07 0.15 0.044 0.27 0.030 0.61
2009 256(70.14%) 0.12+0.06 0.11  0.07 0.15 0.045 0.26 0.032 0.35
2010 244(66.85%) 0.11+0.08 0.08 0.05 0.13 0.031 0.26 0.022 0.53
2011 269(73.70%) 0.14+0.09 0.12 0.08 0.19 0.053 0.32 0.032 0.57
2012 252(68.85%) 0.12+0.09 0.09 0.07 0.14 0.044 0.33 0.031 0.47
2013 220(60.27%) 0.10+0.09 0.08 0.05 0.11 0.027 0.30 0.017 0.61
2014 249(68.22%) 0.11+0.07 0.08 0.06 0.13 0.034 0.23 0.014 0.37
Total 2947(67.24%)  0.130.09 011 0.07 0.16 004 0.31 0.014 0.87

Angstrém Parameter, AE

2003 156(42.74%) 1.27+0.30 133 1.06 151 0.76 1.64 0.291 1.81
2004 265(72.4%0) 1.35+0.40 141 110 166 061 1.87 0.086 2.07
2005 295(80.82%) 1.38+0.34 144 123 163 063 1.76 0.225 1.91
2006 190(52.05%) 1.25+0.40 132 104 152 050 174 0.082 1.97
2007 270(73.97%) 1.46+0.43 151 121 179 0.69 2.08 0.145 2.53
2008 280(76.50%) 1.22+0.34 129 099 149 061 1.65 0.015 1.89
2009 256(70.14%) 1.24+0.27 126 1.07 144 0.73 1.61 0.370 1.87
2010 244(66.85%) 1.11+0.33 118 0.89 136 053 156 0.183 1.83
2011 269(73.70%) 1.35+0.34 142 1.18 160 066 1.77 0.186 1.85
2012 252(68.85%) 1.24+0.34 1.34 1.08 147 059 1.69 0.153 1.82
2013 220(60.27%) 1.22+0.34 1.30 1.01 148 060 1.72 0.222 1.83
2014 249(68.22%) 1.25+0.38 130 1.01 154 045 179 0.176 1.88
Total 2947(67.24%)  1.28+0.37 134 1.06 154 060 1.79 0.015 2.53
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Table 5. Yearly statistics of the PMjpand PM ratio for the period 2003-2014 based on daily values,
with the number of days (with percentage in parentheses), mean, median, percentiles (P25, P75,

P5, P95), minimum (Min) and maximum (Max) values.

PMg
Year N.days (%) Mean+STD Median P25 P75 P5 P95 Min  Max
2003 330(90.41%) 13.02+10.0 10 6 17 3 32 2 62
2004 338(92.35%) 13.45+14.70 10 7 15 4 30 3 197
2005 330(90.41%) 13.09+12.97 10 6 16 4 29 2 143
2006 339(92.88%) 11.30+7.44 10 6 15 3 27 2 49
2007 336(92.05%) 10.89+7.72 9 6 13 4 23 1 68
2008 317(86.61%) 10.02+6.88 9 5 13 3 24 2 45
2009 329(90.14%) 9.22+5.26 8 5 12 3 19 2 34
2010 331(90.68%) 8.99+8.35 8 5 11 3 18 2 94
2011 340(93.15%) 10.25+6.99 9 5 12 3 23 2 48
2012 315(86.07%) 9.26+8.43 7 5 11 3 20 2 90
2013 328(89.86%) 8.15+5.57 7 4 10 3 19 2 43
2014 316(86.58%) 8.84+6.27 7 5 11 3 20 2 45
Total 3949(90.1%) 10.56+9.01 8 5 13 3 25 1 197
PM ratio PR= PM2_5/PM10
2003 308(84.38%) 0.63+0.13 065 056 071 039 082 025 094
2004 323(88.25%) 0.66+0.13 067 057 075 043 0.86 025 0.96
2005 326(89.32%) 0.63+0.14 062 050 071 036 083 014 0.93
2006 318(87.12%) 0.62+0.15 063 050 075 036 0.60 0.17 0.93
2007 317(86.85%) 0.60+0.14 0.60 050 070 0.38 082 0.20 0.93
2008 299(81.69%) 0.65+0.14 0.67 057 075 040 086 0.17 094
2009 315(86.30%) 0.57+0.13 056 050 0.67 037 077 024 0.90
2010 319(87.40%) 0.560+.13 055 050 0.67 033 077 0.20 0.88
2011 326(89.32%) 0.53+0.14 050 042 063 033 080 020 0.92
2012 299(81.69%) 0.50+0.15 050 039 062 029 075 019 0.97
2013 305(83.56%) 0.53+0.13 055 044 063 033 073 0.08 0.86
2014 287(78.63%) 0.53+0.14 050 042 063 030 079 0.04 0.92
Total 3742(85.38%) 0.58+0.15 0.60 050 0.68 0.33 082 0.04 0.97
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Figure Captions

Figure 1. Map of the area of study showing the location of the EMEP site of Pefiausende and the
AERONET site of Palencia within the region of “Castilla y Leon” in Spain.

Figure 2. Monthly mean annual cycle based on daily data of a) AOD (440 nm) and PMyg, b)
Angstrém exponent and PM ratio for the period 2003-2014.

Figure 3. Evolution of yearly mean data for a) AOD (440 nm) and PMjg, b) Angstrom exponent and
PM ratio for the period 2003-2014.

Figure 4. Scatterplots of AE vs. AOD for (a, b) daily and (c, d) instantaneous data with the
corresponding colour scale range of (a, c) PMjg and (b, d) PM ratio, for the period 2003-2014.

Figure 5. Scatterplots of PM ratio vs. PMyq daily data with the colour scale range for (a) AOD and
(b) AE, for the period 2003-2014.

Figure 6. Scatterplots of PMyo vs. AOD daily data with the colour scale range for (a) AE and (b)
PM ratio, for the period 2003-2014.

Figure 7. Scatterplots of PMjy vs. AOD taking (a) daily, (b) monthly and (c) yearly values with
associated linear fits.

Figure 8. Scatterplots of PM ratio vs. AE daily data with the colour scale range for (a) AOD and (b)
PMy, for the period 2003-2014.

Figure 9. PMyg as a function of (a) binned AOD data and (c) binned AE data. Idem for PM ratio

respectively (b, d). The bars represent the standard deviation for EMEP data within each bin. The
data counts for each bin (relative occurrence) are also shown on the superimposed histogram.
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