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ABSTRACT

In order to describe the means, variability and trends of the aerosol radiative effects on the southwest
Atlantic coast of Europe, 11 years of aerosol light scattering (0,,) and 4 years of aerosol light absorption
(0,p) are analyzed. A 2006-2016 trend analysis of O, for D<10um indicates statistically significant trends
for March, May-June and September-November, with a decreasing trend ranging from -1.5 to -2.8 Mm’
!/year. In the 2009-2016 period, the decreasing trend is only observed for the months of June and
September. For scattering Angstrom exponent (SAE) there is an increasing trend during June with a rate
of 0.059/year and a decreasing trend during October with -0.060/year. The trends observed may be
caused by a reduction of Saharan dust aerosol or a drop in particle loading in anthropogenic influenced
air masses. The relationship between SAE and absorption Angstrom exponent is used to assess the
aerosol typing. Based on this typing, the sub-micron particles are dominated by black carbon, mixed
black and brown carbon or marine with anthropogenic influences, while the super-micrometer particles
are desert dust and sea spray aerosol. The mean and standard deviation of the dry aerosol direct
radiative effect at the top of the atmosphere (DREg,) are -4.744.2 W m. DREoa for marine aerosol
shows all observations more negative than -4 W m™ and for anthropogenic aerosol type, DREroa ranges
from -5.0 to -13.0 W m™. DREypp of regional marine aerosol ranges from -3to -7 W m?, as it consists of a
mixture of sea salt and anthropogenic aerosol. The variability in DREpa is mainly dependent on AOD,
given that variations in backscatter fraction and the single scattering albedo tend to counteract each
other in the radiative forcing efficiency equation. The results shown here may help in interpretation of
satellite retrieval products and provide context for model evaluation.

Highlights:

¢ Trend analyses detect aerosol changes from 2006 to 2016 in southwestern Europe

e Itis proposed that the trends may be related to specific climatic changes

e There is a cooling aerosol direct radiative effect (DREyoa is -4.714.2 W m?)

¢ DREypa depends mainly on AOD as b and SSA counteract each other in forcing equation

Keywords: atmosphere, aerosol optical properties, aerosol radiative effects, trend analysis, climate
change
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1. INTRODUCTION

Atmospheric aerosols are an essential climate forcing agent and play a critical role in global climate
change (IPCC, 2014). The effect of aerosols on Earth’s radiative budget is determined by their optical
properties, including scattering and absorption. Changes in these properties will thus alter the radiative
forcing of aerosols. The aerosol climate effects have been enhanced due to anthropogenic aerosol
particles (mainly sulfate and carbonaceous substances), which have modified the atmospheric
composition substantially (Boucher et al., 2013). The ability of particles to interact with solar radiation is
dependent upon particle size and composition, both closely related to variation in sources. The sources
of particles within the sub- (D<1um) and super-micrometer (1 um<D<10um) size fractions differ, with
sub-micrometer particles commonly deriving from combustion emissions and secondary formation,
while super-micrometer fraction generally come from mechanical action (e.g. wind-blown dust or ocean
wave breaking) (Seinfeld and Pandis, 1998). Because particle composition varies between sub- and
super-micrometer size fractions, the effectiveness with which particles absorb and scatter solar
radiation in these two size ranges is also different.

Long-term trends are of interest because they help us understand the global and regional cycling of
aerosols with both natural and anthropogenic origin. Aerosol loading and its properties are measured by
both ground-based instruments and satellite-borne sensors. There are numerous studies about global or
regional aerosol trends, using satellite observations (e.g. Mao et al., 2014) or column integrated data
(e.g. Li et al., 2014; Mateos et al., 2014; Cachorro et al., 2016), while only limited studies employ near-
surface in-situ aerosol optical measurements (e.g., Collaud et al., 2013; Sherman et al., 2015; Sheridan
et al., 2016; Pandolfi et al., 2017). Near the surface, the monitoring of regional or global variation in
aerosol properties due to different mixes of sources and atmospheric processing is often addressed by
using data from networks of observational sites.

In order to characterize the means, variability and trends of the aerosol properties, the National
Institute for Aerospace Technology (INTA) established a long-term monitoring program in southwestern
Spain in 2002. This rural-coastal background area was considered of interest because it is frequently
affected by African dust episodes with large mineral dust particle loads (Toledano et al., 2007a; Sorribas
et al., 2015a; 2017). In this context, scattering measurements started in 2006 and they continue through
the present. From 2012, the collaboration between INTA and the National Oceanic & Atmospheric
Administration (NOAA) in USA has enabled a strengthening of the aerosol studies, through the
deployment of a Continuous Light Absorption photometer (CLAP) (Ogren et al., 2017) and the software
for data acquisition and processing, editing and archiving of scattering and absorption data (Andrews et
al., 2018).

Analysis of the near-surface in-situ particle light scattering and absorption made with D<1 um and D<10
pum size cuts (effectively PM1 and PM10) are reported in this study. The relationships between various
intensive optical parameters (those which are independent of particle number) are also analyzed. As
complementary data, column-integrated aerosol optical depth are brought in to determine the direct
aerosol radiative forcing. This work provides a picture of the atmospheric conditions on the southwest
Atlantic coast of Europe in terms of aerosol properties. The major goals of this study are to answer the
following questions:

What are typical values, temporal variability and trends of aerosol optical properties?

How do the aerosol optical properties over the Southwest Europe compare to other places?
What is the size- and composition- dependent variability of aerosol optical properties?

How does the radiative forcing depend on aerosol type and size fraction?

PwnNnpE

The answers to these questions may help to put in context remote sensing retrieval products so they
can better be used to minimize uncertainties in satellite retrievals comparison of aerosol properties (e.g.

2



104

106

108

110

112

114

116

118

120

122

124

126

128

130

132

134

136

138

140

142

144

146

148

150

152

154

Kahn et al., 2017). These results can be also used in model evaluation studies, because models must
correctly parameterize aerosol properties in order to properly simulate the forcing by aerosols (e.g.
Cuevas et al., 2015; Péré et al., 2018). The complementarity between the data presented here and those
from satellite and models provides valuable information into the optical properties of the atmosphere
and the radiative effect of aerosol.

2. METHODOLOGY

2.1. Site description

The sampling site is located at El Arenosillo (ARN) observatory (37.18N, 6.78W, 40 m a.s.l.) in the
southwest of the Iberian Peninsula. The site is located in a protected rural environment (the Dofiana
National Park), 0.7 km from the coast of the Atlantic Ocean, in the mouth of the Guadalquivir valley, and
close to the Mediterranean Sea and North African coast. Previous research at El Arenosillo has shown
that the site can be impacted by dust, biomass burning, marine aerosol and anthropogenic emissions
(from industry/population centers in the Guadalquivir valley), depending on time of year and air flow
patterns. More information regarding the atmospheric aerosol characterization in this area can be found
e.g.: in Toledano et al. (2007a; 2007b) where a description of integrated-column data is shown;
Cdérdoba-Jabonero et al. (2011) with a characterization of the medium-range transport episode of desert
dust by lidar-sun-photometric-nephelometric techniques and Sorribas et al. (2011; 2015a; 2015b; 2017)
describing the in-situ aerosol in terms of sub- and super-micrometer size ranges as well as optical
properties (scattering, backscattering and absorption).

2.2. Measurements and instrumentation

2.2.1. Aerosol sampling system description

The sampling system inlet used during January 2006-September 2009 period was partly described in
Sorribas et al. (2015c). It consisted of an external vertical stainless steel pipe (9.8 cm inner diameter and
550 cm length). The bottom part of the outer pipe was positioned nearly concentrically around two
inner pipes with a 1 cm and 2.5 cm inner diameter, which served as particle size and particle optical
property sampling lines, respectively. The aerosol sample was transported into the laboratory without
sharp bends in the tubing to minimize particle losses. The flow rate and the Reynolds number in-pipe for
the optical properties were 30 Ipm and 1655, respectively. The sampling system efficiency calculated
according to Willeke and Baron (1993), ranged from 99% for 100 nm particles to 50% for 12 um particle
diameter.

From October 2009 to the present, a new aerosol sampling system inlet design was used. The inlet
system for optical properties measurements consists of a vertical stainless steel pipe (2.3 cm inner
diameter and 300 cm length), which directs the aerosol into the instruments at a flowrate of 30 Ipm and
a Reynolds number of 1799. A PM10 inlet head (Thermo Scientific™) is used as a first step to size
segregation. The 30 Ipm flowrate is almost double the 16.7 Ipm design flow, making the cutpoint about
7 um particle aerodynamic diameter. The contribution to the aerosol optical properties between 7-10
microns is considered negligible at ARN. A second step to size segregation is a switched impactor
system, also using 30 Ipm flowrate. It consists of a multiple orifice impactor with a cutpoint of 1 um
particle diameter, and a valve that alternatingly is opened and closed every 5 min to measure subl-
micron and sub10-micron size fractions. The super-micron size fraction (1 um < D < 10 um) is estimated
from the difference between the subl- and sub10-microns size fractions. Due to malfunctions of the
software and hardware, which caused the switching valve to be stuck in open position, several longer
gaps of aerosol optical properties in the subl-micrometer size fraction exist in the dataset.

After July 2012, a dilution system is used to reduce the relative humidity of the aerosol sample. Dry
particle-free air is produced by an air compressor dryer system and is introduced to a sample-mixing
tube. This tube is a commercial unit fabricated by Mott Corporation (Farmington, CT, USA, part number
76101100-100). To obtain an adequate mixing of the dilution and sample air, a vertical tube of length 1
m is used. In this work, the relative humidity threshold for valid measurements is RH < 60%.
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The inlet configurations are consistent with the sampling inlet recommendations of the WMO Global
Atmospheric Watch program. See http://www.wmo-gaw-wcc-aerosol-physics.org/files/WCCAP-
recommendation-for-aerosol-inlets-and-sampling-tubes.pdf.

2.2.2. Integrating nephelometer

Aerosol particle scattering (0,p) and hemispheric backscatter (Oys,) coefficients were measured using a
three wavelength integrating nephelometer (TSI, Model 3563), operating at 450, 550 and 700 nm
(Anderson et al., 1996). A weekly maintenance and calibration check of the nephelometer is carried out
using CO, and filtered air. Data were corrected for truncation errors according to Anderson and Ogren
(1998), using the tabulated factors for total and submicron scatter as a linear function of scattering
Angstrom exponent. The continuous monitoring of scattering and back-scattering data at El Arenosillo
Observatory started in January 2006 and data through December 2016 are analyzed in this study. Due to
malfunctions of the instrument, there is a 7 month gap in the dataset from May to November 2008.

The uncertainties in total scattering and hemispheric backscatter coefficients are estimated following
Sherman et al. (2015). The major uncertainties in Oy, and Ops, measured by the TSI 3563 nephelometer
are (1) uncertainty in the nephelometer calibration using filtered air and CO, gases (AGca), (2)
nephelometer calibration variability (Ao, ar), (3) uncertainty in the correction for nephelometer angular
non-idealities (A0 wrunc), (4) uncertainty in correcting o,, and oy, to standard temperature and pressure
(STP) conditions (Aospsp), (5) uncertainties in correcting o5, and oy, to 40% relative humidity during
humid periods (AOsrn). AOspcaly A0sptrunc (D<10pm and D<lpm) and Ao,:, are obtained from prior
reported values, as is shown in Table 1. Aoy y,r, A, gy are estimated for the nephelometer running at
ARN observatory as described below.

Estimation of Aoy, .., — Based on 328 nephelometer span check errors over eight years (2009-2016) at
ARN, the variability in the nephelometer calibrations is estimated. During (2006-2008) period, no
information about the span check error is available, although it is expected to be consistent with those
observed during (2009-2016) period, which are shown in Table 1. Ao, .. values are shown in Table 1,
and range from 2.3% to 3.9%. Sheridan et al. (2002) and Sherman et al. (2015) reported similar values in
previous studies.

. oy [ 2 o, o] o] (o]
Unit:% 450nm | 550nm | 700mm | asomm | s50mm | 700mm Reference
AGp,cal 7.0 7.0 7.0 7.0 7.0 7.0 Anderson et al. 1998
DO var 2.3 2.9 3.9 2.5 2.8 3.8 This work
AGp trunc (D<10pm) 5.0 4.6 4.2 3.8 3.8 4.0 Anderson and Ogren (1998)
A0 trunc (D<1pm) 1.0 0.7 0.4 0.9 09 1.0 Anderson and Ogren (1998)
[AY. s 0.4 0.4 0.4 0.4 0.4 0.4 Sheridan et al. (2002)
Ao, e (Period 1) <5 <5 <5 <5 <5 <5 .
Acs:RH (Period 2) <15 <15 <15 <15 <15 <15 This work

Table 1. Uncertainties expressed as a percentage in total scattering and hemispheric backscatter
coefficients at 450, 550, 700 nm. In the particular case of Ao, gy, two periods are considered. Period 1:
all dataset except Period 2. Period 2: from June to November in 2006 and 2009 years.

Estimation of Ao, gy — Figure 1S shows an analysis of the relative humidity variability in the aerosol
sampled in terms of the monthly (2006-2016) dataset. During much of the analyzed time period, the
aerosol sampling system was not conditioned to achieve a relative humidity lower than 40%, as the
World Meteorological Organization recommends (WMO, 2016). To ensure appropriate temporal
coverage in this multiyear study, a relative humidity threshold value of 60% was applied. This may have
shifted the scattering coefficients towards higher values by < 5% (Sorribas et al., 2015a). During 2006
and 2009 years (in particular from June to November which is called Period 2 in Table 1), there was a
very large number of hourly means of scattering coefficients monitored with RH higher than 60%. For




200

202

204

206

208

210

212

214

216

218

220

222

224

226

228

230

232

234

236

238

240

242

244

246

248

250

that time period, a new restriction on data was applied (RH<70%), increasing the uncertainties in
aerosol optical properties due to RH effects up to 15% (more information in Section 2.3).

2.2.3. Light absorption photometer

The Continuous Light Absorption Photometer (CLAP) is a NOAA-designed and built instrument used to
measure aerosol absorption (0,,) at 467, 528 and 652 nm by means of a filter-based technique (Ogren et
al., 2017). It uses a single 47-mm filter with 10 filter spots: two alternate as reference spots, while the
other eight are sampled consecutively. Switching to the next sample spot is automated and occurs when
the light transmission through the filter falls below 0.7. Because the CLAP was developed to be
functionally comparable to the Particle/Soot Absorption Photometer (PSAP, Radiance Research), the
Bond et al. (1999) and Ogren (2010) corrections for aerosol scattering and transmission through the
filter are applied. The continuous monitoring of absorption data at El Arenosillo Observatory started in
July 2012. Due to malfunctions of the instrument, the CLAP data set for our study stops in September
2016.

Ogren et al. (2017) shows the CLAP with the main design features, noise characteristics and uncertainty
description. The detection limits of the attenuation coefficient for use in excluding noise results was
estimated from the standard deviation of the CLAP when measuring filtered air. It was parametrized as
0.10 Mm™ * (At / 100 s)", with n=-1 for 5's < At < 100 s and n = -0.5 for 100 s < At < 24 h. Since the
nephelometer+CLAP system at ARN was used with a switched impactor, the hourly/daily averages
correspond to 1800/43200 seconds, respectively, for each size cut. For those averaging times, the noise
of the CLAP is 0.024 and 0.0048 Mm™, respectively. It is recommended to exclude the CLAP data when
the attenuation coefficient is less than twice these values (Ogren, personal communication), e.g., 0.048
and 0.0096 Mm™ for hourly/daily means, although values in this range are not observed at ARN. Ogren
et al. (2017) also shows that values of both the single scattering albedo and attenuation coefficient are
needed to derive the uncertainty of the absorption coefficient. An analysis of the CLAP uncertainties at
several NOAA and collaborators sampling stations concluded that the lowest uncertainties are seen for
stations with higher absorption and lower single scattering albedo, such as observed at ARN. The
percent uncertainty in absorption at ARN is between 22-33%, assuming 1800 seconds averaging time
and a single scattering albedo within the 0.84-0.94 range.

2.2.4. Cimel Sun-Photometer

In order to estimate the direct aerosol radiative forcing, data from a CIMEL Sun-Sky Photometer
collocated with the in-situ measurements has been used. The CIMEL Sun-Sky photometer measures
direct solar radiation at eight nominal wavelengths: 340, 380, 440, 500, 675, 870, 940 and 1020 nm. The
full-width of the filters at half maximum is 10 nm for all wavelengths, except those at 380 nm with 4 nm
and at 340 nm with 2 nm. The calibration of the direct component was performed by transference from
an instrument with a recent calibration made using the Langley plot derived from measurements at a
high mountain site. The irradiance calibration uncertainty for the instruments is 1-2%, depending on the
channel (Holben et al., 1998). In the present work, aerosol optical depth (AOD) was obtained using the
ESR.PACK code. The ESR.PACK code is based on the SKYRAD.PACK algorithm used in the international
network of SKYNET (Takamura and Nakajima, 2004) but it has been modified for application to CIMEL
sky-sun photometers. The AOT retrieved by ESR.PACK is comparable to the retrieval of the most
extensive photometric network, the NASA Aerosol Robotic Network (AERONET), with mean bias
deviation values between -0.0030 and + 0.0041 (0.012 in the case of AOD at 340 nm) (Estellés et al.,
2012). In the present work, AOD was calculated for the period between July 2012 and May 2014, to
overlap with nephelometer and CLAP measurements. Unfortunately, a malfunction of the sun-
photometer resulted in missing AOD data from April 2013 to February 2014.

2.3. Processing of data step by step
To prepare the data for analysis the followed steps have been carried out:
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Step 1 - the aerosol optical properties were sampled at 1-s resolution and collected at 1-min resolution.
The data were quality-checked and edited using ESRL/GMD software (Andrews et al., 2018) to remove
spikes caused by electronic glitches, background level changes, malfunction of the impactor switching
module for selecting the particle size cut, span-check time period, filter changes, etc. From this reviewed
data set the hourly means were computed.

Step 2 — The hourly aerosol properties with RH higher than 60% during the entire dataset, except from
June to November in 2006 and 2009 years, (e.g. Period 2) were removed. During Period 2 higher values
of RH were observed (see Figure 1S) and the relative humidity threshold value was moved to 70%.

Step 3 — A mean scattering enhancement factor f(RH) is used to correct the nephelometer data
monitored with RH in the 60-70% range, as Figure 2S shows. It was estimated on the basis of chemical
aerosol composition, as was previously shown in Sorribas et al. (2015a) during a particle density
estimation. A value of f(RH) was assumed for each chemical constituent: Marine f(RH=85%) = 2.2 (Fierz-
Schmidhauser et al., 2010b), Desert f(RH = 85%) = 1.3 (Zieger et al., 2013), Organic+inorganic (sub-
micrometer) f(RH=85%) = 2.2 and Organic+Inorganic (super-micrometer) f(RH=85%) = 2.4 (Titos et al.,
2014a). The variability of f(RH) for each aerosol species within the super-micrometer size range, is
higher than for the lower size fraction. Average f(RH=70%) within the sub- and super-micrometer size
ranges is quite similar and is estimated to be 1.15.

To demonstrate the magnitude of the error during the f(RH) estimation, a short analysis is performed,
assuming the extreme f(RH=70%) values observed at ARN within the super-micrometer size fraction.
Desert dust aerosol is found to be less hygroscopic than marine aerosol particles (Figure 2S) with
f(RH=70%) values of 1.08 and 1.27, respectively. Thus, scattering coefficient may be shifted higher by up
to 27%, in the presence of marine aerosol during Period 2. If the average f(RH=70%) is considered, the
shift to higher scattering is likely less than 15% (see Table 1) during Period 2.

Step 4 — Finally, hourly aerosol intensive properties are calculated in order to characterize the nature of
the aerosol. The intensive properties calculated here are the scattering Angstrém Exponent (SAE),
absorption Angstrom Exponent (AAE), the fraction of backscattered light (b), single scattering albedo
(SSA), asymmetry factor (g) and radiative forcing efficiency (RFE). Most of these have been extensively
defined in previous references (e.g., Sheridan and Ogren, 1999; Sorribas et al., 2015a). SAE and AAE
were calculated for the 450/550 nm wavelength pairs while other values are reported for the 550 nm
wavelength. The asymmetry factor is derived through the parametrization in Andrews et al. (2006). The
constant parameters used in RFE calculation are the solar constant of 1370 W m™, the atmospheric
transmission of 0.76, the surface reflectance of 0.15 for coniferous forest (Oke, 1987), the fractional
cloud amount and day length values depend on the analysis explained below, while the aerosol single
scattering albedo and aerosol upscatter fraction used in the RFE calculation come from the
measurements and depend on time. The upscatter fraction estimation is carried out using the
parametrization in Sheridan and Ogren, 1999 and Andrews et al. (2006). The fractional cloud amount
and day length are considered as constant with values 0.6 and 0.5, respectively, in the annual and
seasonal climatologies and the estimation of optical properties for each aerosol type (Sections 3.2
through 3.5). These assumptions were intended to minimize the influence of these environmental
properties on the variability of the aerosol properties with the aim to study the nature of the aerosol.
For the direct radiative effect estimation (Section 3.6), the fractional day length is calculated at the
latitude of the sampling site as function of the day of the year and the fractional cloud amount is
estimated by using the percent of photometric measurements with respect to the total, following
implementation of the cloud screening control.

Calculations of intensive parameters often rely on ratios of measured parameters; at low loading, the
calculated values are less reliable due to instrument noise and constraints on measured parameters are
often used to minimize noise in the intensive parameters. For example, Schmeisser et al. (2017) only
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calculated aerosol intensive parameters for cases where the g, > 1 Mm™ and 0., > 0.5 Mm™ at 550 nm
wavelength. However, the threshold for CLAP data of 0,, > 0.5 Mm™ is too restrictive when pure marine
aerosol is measured. This type of aerosol is characterized by low absorption but high scattering
coefficients. From a manual inspection of the ARN data set, when 0,, < 0.5 Mm™ and single scattering
albedo is higher than 0.992, some intensive aerosol properties (e.g. AAE) exhibit unrealistic values. But,
for SSA lower than 0.992, the intensive properties correctly characterize the aerosol. Therefore, we have
decided to include in our analysis the intensive properties when 0,, < 0.5 Mm™ if SSA was lower than
0.992.

Step 5 - Hourly time resolution data were averaged to daily time resolution if at least 63% of the hourly
measurements (15 hours) of the daily time period were available.

Following these processing steps, an analysis of annual trends, annual and seasonal climatology, an
assessment of aerosol typing and a study of direct aerosol radiative effect was carried out.

3. RESULTS AND DISCUSSION

3.1. ANNUAL TRENDS

Trend analysis has been used to determine if the optical properties over time are going up, down or
staying the same. In the literature, several procedures have been used to estimate rates of change of
atmospheric constituents. If the data conform to a normal distribution, a regression analysis provides
information about the trend but if the frequency distribution of the data set is normal or log-normal, the
Mann-Kendall (MK) test can be applied. The MK test does not require the data to be normally
distributed and evaluates whether y values tend to increase or decrease over time through what is
essentially a nonparametric form of monotonic trend regression analysis. Moreover, the MK test has
low sensitivity to inhomogeneous time series with abrupt breaks such as data losses, and the statistical
significance of the trend can be determined. To determine the magnitude of the trend, Sen’s method
was used (Gilbert, 1987).

A trend analysis for Oy, and SAE has been carried out. At ARN, extensive properties (e.g. Oy,) are
described well by a log-normal distribution while intensive properties (e.g. SAE) have a normal
distribution (Sorribas et al., 2015a), therefore, the MK test is used for both properties. The MK test was
applied to analyse the yearly (Figure 1) and monthly trends (i.e., trends for each individual month for the
entire data set). Monthly means were calculated only if 60% of the days of each month are available
(more than 18 days/month). The analysis covers an 11 year data set but, due to malfunctions or sample
relative humidity higher than 60% (more information in Section 2.3), there are some years where data
for some months does not meet this criteria. A complete monthly time series would have 11 values (one
for each year) but some months had fewer (as low as 5). The least complete time series occurred in the
summer months. When the number of values in the time series is less than ten, the MK test was carried
out using the so-called S statistics given in Gilbert (1987), while if it was higher than ten, the normal
approximation is used.

In the trend analysis presented here, the only analysed data were those corresponding to scattering
properties with D<10 um, because the temporal coverage for D<1 um scattering properties was quite
sparse during some years (e.g., 2010 and 2016). The downward trend for 0,,(D<10um) in Figure 1a is
more pronounced over the period 2006-2009, so the annual tendency has been analysed for two
different time periods (2006-2016) and (2009-2016) (see Table 2). For absorption no analysis is shown,
as the data set is quite short; Figure 1b suggests the annual means of absorption exhibit no clear trend.
A trend analysis on aerosol absorption will be done in the future as more data become available.

Table 2 lists the results for the trend analysis and provides the Sen’s parameters. Negative/positive MK
Statistic (S) indicates a downward/upward trend and the Kendall’s Tau (comparable to correlation
coefficient for a linear regression) shows the goodness of the relationship. For 0,,(D<10 pm) and the
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(2006-2016) period, the test indicates statistically significant trends for March, May-June and
September-November periods with a level of confidence p < 0.1. The decreasing trend ranges from -1.5
to -2.8 Mm™/year, with the highest values during the September-October period. This decrease in
atmospheric scattering is also reflected in the significant decreasing trend for (2006-2016) annual
averages, with a calculated decreasing trend of -2.2 Mm™/year. For the (2009-2016) period, the
decreasing trend is less obvious and although it is identified, it is only statistically significant (p<0.1) for
June and September months (see Table 2). When the decreasing trends (in absolute terms) for (2006-
2016) and (2009-2016) periods are compared, it is noteworthy that the decreasing rate in June and
September are similar for the first period and higher for the second period. Previous work also shows a
decreasing trend in the south of Europe, but trend values are not given (Pandolfi et al., 2017).
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Figure 1. Box-whisker time series of annual average (based on daily averages) of aerosol (a) scattering at
550 nm, (b) absorption at 550 nm, (c) scattering Angstrom exponent at (450/550 nm) and (d) absorption
Angstrom exponent at (450/550 nm). The horizontal line in each box is the median (50th percentile),
edges of each box are the 25™ and 75" percentiles, and the whiskers indicate the 5" and 95™
percentiles. The white square in each box is the mean value. Blue boxes are for particles with D<10 um
and orange boxes for D<1 um. The number of days used in each box-whisker marker is shown at the top
of figures (a) and (b).

For SAE, the behaviour was quite similar during (2006-2016) and (2009-2016) periods. There were two
monthly trends (June and October) with p values lower than 0.1. During both periods, the increasing
trend during June was 0.059/year. During October, the opposite behaviour was observed with a
decreasing trend -0.060/year (for 2006-2016) to -0.072/year (for 2009-2016).

Scattering coefficient depends on the particle number concentration and size and, therefore, the
tendency observed for 0, may be explained by a decrease in the particle number concentration within
fine and coarse size fractions, as anthropogenic and mineral dust, respectively. Because SAE is an
indicator of the contribution of fine and coarse mode aerosols, it is also potentially useful to infer
aerosol composition. Therefore, these trends in SAE and Oy, suggest a change in not only the monthly
aerosol loading but also in monthly composition. For the June trend, the Oy, reduction and SAE increase
might be mainly linked to a reduction in natural sources such as coarse mode mineral dust. For the
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October trend, the O, and SAE reduction might be due to a drop mainly in fine-mode anthropogenic
emissions, leaving an aerosol dominated by natural sources such as sea salt.

Previous statistical analyses have been carried out in Europe to detect and estimate the trend in aerosol
properties. Li et al. (2014) focus on aerosol optical depth (AOD), column extinction Angstrém Exponent
(EAE) and some inversion products including absorption aerosol optical depth (AAOD), column single-
scattering albedo and the column absorption Angstrém Exponent derived from the Aerosol Robotic
Network (AERONET) products. Data from El Arenosillo are used in their study but the trends they found
were not statistically significant. However, Li et al. (2014) suggested that, in general, the southern
Iberian Peninsula experienced a uniform decrease in AOD and EAE, suggesting changes in particle
loading and fine/coarse mode fraction. This is consistent with the observed reduction in the Saharan
desert dust outbreaks in the north-central area of the Iberian Peninsula (Cachorro et al.,, 2016). The
number of desert dust events between 2003 and 2014 have decreased by 0.67 episodes per year,
corresponding to a decrease in the total number of dusty days of 2.7 days per year. Cachorro et al.
(2016) have also analysed the inter-annual variability of the desert dust contributions to PM,,, PM, s and
PM, s..9 concentrations, showing a decreasing trend in particle concentration for the three size fractions.

2006-2016 period 2009-2016 period
n S Tau Q B Sign. | Trend | n S Tau Q B Sign. | Trend

Oy | Jan 7| - -0.14 - -- -- 0 6 3| 0.20 - 0
Feb 9 | -14 -0.39 -4.0 61.6 A N 7 -1 | -0.05 -- - - 0
Mar 8 | -20 -0.71 -1.5 46.3 * J 6 -9 | -0.60 -1.7 47.7 A J
Apr 9| -4 -0.11 - -- -- 0 8| 10 | -0.36 - 0
May 9 | -18 -0.50 -1.9 43.9 X J 8 | -10 | -0.36 -- - - 0
Jun 8 | -20 -0.71 -1.4 42.3 * N 7 | -13 | -0.62 -1.4 42.3 X N
Jul 71| -5 -0.24 - -- O 5 4 | 0.40 - 0
Aug 6 | -3 -0.20 - -- - O 5 -2 | -0.20 -- - - 0
Sep 5| -10 -1.00 -2.0 51.5 * N 4 -6 | -1.00 -3.6 62.1 X N
Oct 8 | -16 -0.57 -2.6 48.3 X N2 6 -5 | -0.33 - 0
Nov 8 | -14 -0.50 -2.8 41.4 X J 6 -5 | -0.33 0
Dec 8 | -10 -0.36 -- 0 7 -5 | -0.24 0
Annual | 11 -2.65 2.2 50.2 ** J 8| -8 | -0.29 -0.7 38.716 |

(Test 2)

SAE | Jan 71 -9 -0.43 -0.063 | 1.81 A J 6 -9 | -0.60 | -0.127 2.45 A J
Feb 9 | -16 -0.44 -0.073 | 1.76 n J 7| -11 | -0.52 | -0.121 2.16 A J
Mar 8| 4 0.14 - -- O 6 1| 0.07 -- - 0
Apr 9| -2 -0.06 - -- - O 8 6 | 0.29 0
May 9 | -12 -033 -0.025 | 1.46 A N 8 | -10 | -0.36 -- - 0
Jun 8 | 20 -0.71 0.059 | 0.92 * T 7| 13| 0.62 | 0.059 0.88 X T
Jul 7 3 0.14 -- -- O 5 4 | 0.40 -- - 0
Aug 6 | -1 -0.07 0 5 0 | 0.00 0
Sep 5 2 0.20 - -- -- 0 4 -2 | -0.33 -- - - 0
Oct 8 | -16 -0.57 -0.060 | 1.73 X J 6 | -13 | -0.87 | -0.072 1.82 * J
Nov 8| -8 -0.29 - -- O 6 1| 0.07 -- - - 0
Dec 8 0 0.00 m] 7 7 | 0.33 | 0.046 1.12 A T
Annual | 11 roa o |s| -8]-029 0

Table 2. Annual and seasonal Mann-Kendall trend analysis for the scattering coefficient and SAE,
corresponding to (2006-2016) and (2009-2016) periods. In the table header, n represents the number of
points, S is the Mann-Kendall Statistic, Tau represents the Kendall’s Tau, Q in Mm'l/year and B in Mm™
are the slope and the intercept of the existing trend estimated by Sen’s method. The significance (Sign.)
and interpretation of the trend are also indicated. Levels of significance are (**) p<0.01, (*) p<0.05, (x)
p<0.1 and (*) p<0.2. Interpretation of the trend is (") increasing, (J/) decreasing, and [ no trend.

In this context, the 0, and SAE trends presented in this study can be explained assuming a combination
of one or more of the following causes: (1) reduction in the frequency of Saharan desert dust air masses
arriving in the south of Spain, (2) a decrease in particle loading in desert dust air masses and/or (3) a
drop in particle loading in anthropogenically influenced air masses.



416

418

420

422

424

426

428

430

432

434

436

438

440

442

444

446

448

450

452

454

456

458

460

462

464

3.2. ANNUAL CLIMATOLOGY

The annual mean values of aerosol optical properties O,,(D<1pm) and O,,(D<10um) calculated from
hourly averages (daily averages), along with their standard deviations are 19417 Mm™ (18413 Mm™)
and 37+31 Mm™ (38225 Mm™), respectively. Previous studies at ARN covering shorter periods show
quite similar values, for example Sorribas et al. (2015a) with five months of data (May-September)
reported mean scattering coefficients of 21+15 Mm™ and 34419 Mm™ for D<1pm and D<10pm size
ranges respectively. A large peak in the scattering record during February 2016 has been attributed to a
strong and anomalous desert dust episode (Sorribas et al., 2017), but this does not appear to have
significantly affected the 2016 annual statistics for a,, or SAE.

Typical values of the hourly (daily averages) of 0,,(D<1pim) and 0,,(D<10pm) are 3.3%2.7 Mm™ (3.2£2.2
Mm™) and 4.0£2.9 Mm™ (3.622.4 Mm™), respectively, showing that the absorbing particles are mainly
within the subl-micron size range. The highest amount of 0,, observed at ARN occurred during the
desert dust episode in February 2016 with 0,, reaching 23 Mm™ (D<10um size fraction). Single
scattering albedo (SSA) was 0.85 + 0.07 Mm™ (0.85240.05 Mm™) and 0.89 + 0.05 Mm™ (0.9040.04 Mm™)
for subl-micron and sub10-micron size fraction, respectively, corresponding to darker aerosol within the
subl-micron fraction. Fifty percent of the hourly observations of SSA(D<10um) were lower than 0.9,
while 18% were lower than 0.85. For SSA(D<1um), 74%, 46%, 21% and 7% were lower than 0.9, 0.85,
0.80 and 0.75, respectively. While anomalously high 0,, values were observed during the 2016 dust
advection episode, the SSA values during that event were consistent with the long-term observations.
Clean marine sites exhibit higher SSA values than observed at ARN due to predominantly white sea salt
aerosol (Andrews et al.,, 2018). Lower SSA denotes periods/episodes where the contribution of
absorption increased, due primarily to anthropogenic (continental air masses) and dust aerosol.

Comparison of ARN’s mean annual values of scattering and absorption coefficients with other
anthropogenically influenced coastal sites around the world, shows that they are higher than those
found in Cape Cod (Massachusetts, north eastern United States) with mean 0,,(D<10um) of 22 + 15
Mm™ and mean 0.p(D<10um) of 1.1 + 0.9 Mm™, respectively (Titos et al., 2014b). Scattering values at
ARN are similar to those measured at the Sable Island (WSA) site, which is an eastern Canada marine
site occasionally impacted by continental outflow and lower than the scattering at highly polluted
marine sites such as GSN and AMY sites in Asia (Andrews et al., 2018).

At El Arenosillo, mean values of SAE(D<10um) were 1.3+0.6 (1.4240.4) and for SAE(D<1um) were 2.1+0.4
(2.1#0.3), which is quite high relative to those found in the literature for clean marine aerosol (e.g.
Carrico et al.,, 1998; Andrews et al., 2018). These SAE values are evidence of the mixed aerosol
contribution at El Arenosillo: the high values of SAE indicate a more pronounced contribution of smaller
particles to scattering. The hourly (daily) value of AAE was 1.34+0.33 Mm™ (1.3320.27 Mm™) and
1.3740.46 (1.35+0.29 Mm™) for (D<1um) and (D<10pm) size fractions, respectively. AAE, can be used to
characterize some of the aerosol composition: AAE lower than 1 is indicative of carbonaceous aerosol as
elemental carbon, while biomass smoke and desert dust can reach values in excess of 1.5 (Cappa et al,,
2016). The average values of AAE observed at ARN and their standard deviation are representative of
mixed aerosols, as well as aged and processed aerosols in the air masses arriving at ARN. The AAE values
also highlight that El Arenosillo is on the Atlantic coast and occasionally samples marine air: for marine
aerosol the spectral dependence of aerosol absorption is low, resulting in lower values for AAE.

The backscatter fraction (b) is an important climate parameter as particle radiative effects depend, in
part, on the extent to which incoming solar radiation is reflected back to space versus absorbed within
the Earth system. It mainly depends on particle size and chemical composition (Horvath et al., 2015).
Hourly (daily) averages of b within (D<1pm) and (D<10um) are 0.14+0.04 Mm™ (0.1420.02 Mm™) and
0.1240.03 (0.1320.02 Mm™). These ranges of observed values are comparable to measurements made
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at other locations on the Iberian Peninsula (e.g., 0.14 in Granada City (Lyamani et al., 2010) and 0.13 in
Evora, Portugal (Pereira et al., 2011)). SAE and b are both related to aerosol mean size, but are sensitive
to different parts of the size distribution. SAE is more sensitive to the largest diameters of the
accumulation mode particles (D > 0.7 um), while b is sensitive to the smaller diameters (D < 0.4 um)
(Collaud Coen et al., 2007). Our study finds that SAE and b have a low correlation with R* = 0.22 and 0.30
for micron and subl-micron size fractions, respectively. This is likely a result of a broad and/or multi-
modal size distribution impacted by various sources across the year (Sorribas et al., 2011).

The angular distribution of light scattered by aerosols, namely, the aerosol phase function, is
represented by the asymmetry factor (g). g is higher for larger particles such as marine aerosol,
compared to g for continental or urban aerosols. The value for g can range from -1 (pure backscatter)
to +1 (pure forward scatter), but negative values of g occur only for small metallic particles and are not
relevant for the ambient atmosphere. Therefore, only values of the asymmetry parameter g between 0
(symmetric scatter) and +1 (pure forward scatter) need to be considered (Moosmidiller and Ogren, 2017).
At ARN, the mean g values within (D<1um) and (D<10um) are 0.58+0.06 (0.58+0.05) and 0.58+0.19
(0.60+0.04), respectively. These values are similar to those in Fiebig and Ogren (2006), which shows a
climatology of g at several locations in the NOAA aerosol monitoring network.

Calculation of the aerosol radiative forcing efficiency allows evaluation of the direct radiative effect for
each type of aerosol (e.g., marine, dust, etc). The hourly (daily) mean RFE for (D<1um) and (D<10um)
are (-19.1+4.3) (-19.2+3.1) W m” AOD™ and (-22.1+2.8) (-23.3#2.5) W m™ AOD™, respectively. The low
values of standard deviation mean that only a small range in RFE is observed at the site. The relationship
between b and SSA values is one of the reasons for this low variability, as they effectively counteract
each other in the RFE equation. This correspondence is shown in Figure 2 with a high anti-correlation
coefficient (R = 0.76) for super micron and subl-micron size fractions. This suggest that the variability in
direct radiative effect in southwest Europe (estimated using RFE*AOD) is mainly dependent on the
variability on AOD, i.e., the impact of aerosol on total atmospheric column.

0.2
1pum << 10 pm
b= (-0.63110(!)512))( SSA +(0.7186+0.0493)
R=0.760 ©
0.175 | o
o
— 0.15 4
£
c
o
wn
&,
<0125
0.1 -
D<1lum
b = (-0.274810.0085) x SSA + (0.3696+0.0073) o OO
R=0.772 o
0.075 — 77—
0.65 0.75 0.85 0.95
SSA (550 nm)

Figure 2. Relationship between backscatter fraction (b) and single scattering albedo (SSA) at 550nm
within sub- (black points) and super-micrometer (red points) size fractions.

3.3. TEMPORAL CLIMATOLOGY

The sampling site is located in a coastal environment and there is a frequently observed local circulation
diurnal wind pattern (the sea-land breeze phenomenon), especially in spring and summer time.
However, none of the optical parameters reported on here showed a clear diurnal pattern. Sorribas et
al. (2011) analyzed the effect of the sea-land breeze on the particle concentration in terms of sub-
micrometer size distribution. They found that the highest impact of the sea-land breeze pattern was
mainly on the ultrafine mode (particle diameter lower than 0.1 um), while the effect on concentration

11



504

506

508

510

512

514

516

518

520

522

524

for particles with larger diameter was weaker. The optical properties reported on here are most
sensitive to particles with diameter larger than 0.1 um (Sorribas et al., 2015a) and that likely explains the
lack of an observed diurnal cycle.

Seasonal cycles were analyzed from the daily-averaged data classified according to the measurement
month. A clear seasonal cycle was found in both the scattering and absorption coefficient (Figures 3a
and 3b) with two maxima occurring. The maximum values of both 0,,(D<1pm) and O,,(D<10um) were
observed at about the same times of the year in December-January and July-August. The minimum of
Osp(D<1pm) occurred in February and November and that of 0,,(D<10um) in May and November. The
high values of scattering during summer are probably related to natural sources such as desert dust (the
typical dust season in the southern part of Europe is the warm period (Toledano et al., 2007a), and
during winter to medium-range transport of continental air masses (Toledano et al., 2009). The
monthly-minimum to monthly-maximum range was 12-25 Mm™ and 31-43 Mm™ for Osp(D<1pm) and
O,p(D<10pm), respectively.
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Figure 3. Statistical analysis showing monthly evolution (based on daily averaged data) for (a) scattering,
(b) absorption, (c) scattering Angstrom exponent and (d) absorption Angstrém exponent, (e)
backscattering fraction, (f) asymmetry factor, (g) single scattering albedo and (h) radiative forcing
efficiency. Data are reported at 550 nm, except the scattering and absorption Angstrém exponent
values, which are calculated for the 450/550 nm pair. Number of daily means are shown at the top of
each figure. The horizontal line in each box is the median (50th percentile), edges of each box are the
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25" and 75" percentiles, and the whiskers indicate the 5" and 95" percentiles. The white square in each
box is the mean value. Blue for (D < 10 um) and orange for (D < 1 um).

The highest values in 0,, were observed in December while lower values occurred in February-June
period. The higher values during December may be related to an increase of fuel and wood combustion
for domestic heating in cities throughout Guadalquivir’s Valley. SSA (Figure 3g) shows lower values of
about 0.86 and 0.82 during November-December for sub- and super-micrometer size fractions
respectively, when absorption and scattering are the highest, indicating higher contribution for
absorption in terms of extinction properties relative to other months. This is also consistent with the
seasonal behaviour in the radiative forcing efficiency (RFE) within D<10 pum (Figure 3h), which peaks (in
absolute terms) in cold months. The monthly-minimum to monthly-maximum range in absorption was
2.4-4.6 Mm™ for 0,,(D<1pm) and 2.7-6.0 Mm™ 0,,(D<10pm).

There is not a pronounced seasonality in the SAE (D<10um) (Figure 3c), probably due to the aerosol
being composed of a mix from several aerosol sources. However, the variability in SAE is larger during
the cold months, when maritime air masses (sea salt aerosol contribution) at 500 m are more frequent
(Toledano et al., 2009), resulting in the larger range of SAE displayed in the box-whisker plots. The
seasonal behaviour of SAE (D<1um) exhibits lower values during January-March months, probably due
to a sea-salt contribution in the subl-micron range. Seasonal behaviour is more obvious in the AAE data.
During warm months, AAE values lower than 1.2 were found, while during cold months AAE was higher
than 1.5. This suggests, in combination with the increase of 0,, also observed during cold months, that
there is a predominance of wood combustion heating sources impacting the southwest Atlantic coast of
Europe.

The seasonal cycle of the backscattering fraction, b (Figure 3e), is quite modest, with a weak increase in
spring (April) and November. This increase was probably caused by the smaller mean particle sizes of
secondary aerosol particles (i.e. new particle formation (NPF)). NPF through homogeneous gas-phase
processes, followed by the condensation growth of the freshly nucleated particles to optically active
size, occurs commonly in this sampling area with higher frequency in April and November (Sorribas et
al., 2015c). The seasonal cycle in b is inversely correlated with that of the asymmetry factor (Figure 3f).

3.4. ASSESSMENT OF AEROSOL TYPING

The relationship between SAE and AAE provides information on aerosol composition and size, and can
suggest a particular aerosol type (e.g. Cazorla et al., 2013; Costabile et al., 2013; Cappa et al., 2016;
Schmeisser et al., 2017). In our study the relationship among daily averages of SAE, AAE and SSA are
presented in Figure 4 to investigate aerosol type at El Arenosillo. The similarities and differences
between Cazorla et al. (2013) and Cappa et al. (2016) have been explained in a previous work
(Schmeisser et al., 2017). In our work, we use the Cappa et al. (2016) matrix (Figure 4a for D<10um size
fraction and Figure 4b for D<1um and 1 um<D<10 um size fractions) since it is based on in situ data,
while Cazorla et al. (2013) is based on integrated column data. But a slight variation in the Cappa
classification is followed here. The version used here changes: (1) “large particles/ low absorption mix”
in the lower left plot space designation to “Remote marine”, (2) “Small particle/low absorption mix” to
“Regional marine” and (3) “Large particle/ BC mix” to “Marine/Dust/BC mix” as these correspond to
data presented here. The aerosol typing has also been qualitatively corroborated using back-trajectories
(briefly discussed in Text T1 in supplemental materials). Cappa’s matrix is also compared to the chemical
paradigm in Costabile et al. (2013) which uses chemical composition data and numerical simulations to
validate the proposed classification scheme (Figure 4c for D<10um size fraction and Figure 4d for
D<1pum and 1 um<D<10 um size fractions).

Figure 4a, and following the results in Schmeisser et al. (2017), illustrates that the expected dominant
aerosol sources at ARN are continental polluted (black carbon (BC)-dominated), marine polluted
(regional marine) and continental dust/biomass (mixed dust, BC and Brown Carbon (BrC)). BrC is
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identified as the light absorbing fraction of organic matter emitted from biomass burning. BC at ARN is
related to aged anthropogenic aerosol with large variety in origin and history, including most of the
Iberian Peninsula and/or Europe. BC may also be emitted by flaming and smoldering fires. Regional
marine aerosol is transported over the Mediterranean Sea and Atlantic Ocean, but is also likely
influenced by anthropogenic aerosol (e.g. BC). The Cappa classification scheme also enables
identification of events with dominant aerosol types of natural origin (e.g. marine and desert dust).
Remote marine aerosol is related to pure marine aerosol originated from the Atlantic open ocean (e.g.
sea salt), which has not been transported over land. Dust dominated aerosol arrives at the sampling site
directly from the Saharan desert. It is necessary to emphasize, that due to the constraints on measured
0., (Section 2.2), some pure marine aerosol events may be excluded from the analyzed data.
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Figure 4. (Upper) AAEssp.700 VS. SAEss0.550 daily means (2012-2016 period) with points color-coded by
SSAss. The plot is overlaid with the aerosol classification matrix from Cappa et al. (2016) for (a) D<10um
size fraction (open squares) and for (b) D<1um (open circles) and 1 um<D<10 um (open triangles) size
fractions. (Lower) Relation observed between SAE and (SSA;og-SSA.50)XAAE 450.700 With points color-coded
by SSAss, as Costabile et al. (2013) proposed for illustrating the “paradigm” to classify aerosol
populations for (c) D<10um size fraction (open squares) and for (d) D<lum (open circles) and 1
pum<D<10 um (open triangles) size fractions.
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The SSA variability observed in Figure 4a, occurs because SSA depends on both particle size and
composition. SSA values > 0.95 are related to large particles with relatively low absorption and is
dominated by marine and dust aerosol, but also mixed with black carbon. The interval 0.90<SSA<0.95 is
related to a wide range of particle sizes and likely represents mixtures of dust/marine and BC. For
0.85<SSA<0.90 the characterized particles have shifted to smaller diameters and higher BC and BrC
contribution than would be seen for pure dust aerosol. Finally, when SSA<0.85 the atmospheric aerosol
mostly contain a mixture of particles with BC and BrC contributions. Figure 4a demonstrates that SSA in
conjunction with spectral information about scattering and absorption can be used as tracer of aerosol

typing.

The assessment of aerosol typing shown previously is also compared to the aerosol classification
paradigm proposed by Costabile et al. (2013) in Figures 4c and 4d. These figures show dSSAXAAE on the
x-axis and SAE on the y-axis for different size fractions. Our observations are consistent with the results
of the Costabile’s paradigm, showing a similar classification of the aerosol population.

If a segregation by particle size (as parameterized by SAE) is carried out on optical properties (Figure 4b),
it needs to be stressed that the number of daily averages is considerably lower than actually available
for the sublO-micrometer size fraction. This is because constraints are needed on absorption
coefficients when the intensive properties are calculated (see Section 2.2). In this particular case, the
unrealistic values for AAE occur when 0,, < 0.5 Mm™, regardless of SSA. This could possibly be explained
by measurement limitations. The absorption at 700 nm is going to be the lowest absorption observed
for the three CLAP wavelengths so the calculations will be the noisiest. Details of the segregation by
particle size and the correspondence between the points found in Figures 4a and 4b can be found
below.

The first difference between the two size fractions is that, while SSA for super-micrometer particles is
mainly higher than 0.95, SSA for sub1-micron particles ranges from 0.55 to 0.95. In Figure 4b, the subl-
micrometer data fall primarily in the space encompassed by SAE>1 and 1<AAE<2. These particles are
classified as BC dominated and mixed BC/BrC, as values of AAE higher than 1.5 have been related to
absorbing organic carbon (Cazorla et al., 2013). The data points falling in Cappa’s BC dominated and
BC/BrC categories within sub10-micron (Figure 4a) and subl-micron (Figure 4b) represent the same
days. Figure 4b also shows some data points corresponding to small particles with low absorption
(SSA>0.9) and values of AAE<1. These data fall within the regional marine category. The data points
falling in Cappa’s regional marine category within sub10-micron (Figure 4a) and sub1-micron (Figure 4b)
represent the same days. In Sorribas et al. (2015a) the chemical composition of the subl-micrometer
aerosols at ARN was shown to consist primarily of secondary inorganic compounds (SIA: SO, NO; and
NH,) and organic matter. SIA compounds can be a result of secondary formation from their gaseous
precursors as (SO,, NO, and NHj3, respectively). SO, can be also related to primary aerosol emission from
seawater.

The super-micrometer particles are classified in three groups in Figure 4b. The first group indicates a
remote marine aerosol category with SAE<0.25 and AAE<1. These daily means correspond to the super-
micrometer size fraction of the daily means shown in Figure 4a within the regional marine category. The
data points representing remote marine aerosol identified in Figure 4a do not appear on Figure 4b
because the super-micrometer fraction are comprised of primarily white aerosol (those cooling the
atmosphere) and do not meet the constraints we have imposed on absorption coefficients (i.e.,
0,,>0.5). The second group shows a wide range of AAE>1 and SAE<1, suggesting a mixture of sea salt
and dust in varying amounts. Cappa’s matrix suggests BC or BrC may also contribute to this second
group. The third group is the dust contribution, which is clearly identified with SAE<0.25 and AAE>2
because dust is able to absorb infrared radiation.
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The dust contribution at ARN requires further discussion. Because of the geographical location of ARN
on the south-west coastal border of Spain, the aerosol properties of desert dust layers tend to be a mix
between dust and marine particles in varying amounts. During the 109 days with simultaneous
scattering and absorption monitoring in both size cuts such that the super-micrometer optical
properties could be determined, only 3 days indicated a predominance of dust (Figure 4b) at the
surface. These same days showed sub-micron optical properties classified as ‘BC dominated’ near to the
boundaries for the BC/BrC mix in Cappa’s matrix. A previous analysis relating the submicron particle size
distribution to the different air mass types at ARN (Sorribas et al., 2011) showed similar volume size
distributions for desert dust and continental aerosol particles. These size distributions were unimodal
(single peaked) with modal diameter within (300-350) nm. Given that the contribution of mineral
aerosol within the submicron size fraction is low, this suggests that the increase in sub-micrometer
particle size fraction related to air masses coming from African continent may be related to African
biomass burning (Roberts et al., 2009) and North African industrial pollutants (Rodriguez et al., 2011). In
addition, Sorribas et al. (2015) also shows that typical desert dust episodes over ARN take place under a
mixture of Mediterranean and North African flows. Therefore, additional Mediterranean particle
sources may also contribute to the submicron size fraction during desert dust episodes.

3.5. OPTICAL AND PHYSICAL PROPERTIES FOR EACH AEROSOL TYPE

Following the segregation of aerosol typing in Figure 4, the main aerosol properties are studied in terms
of the particle size fraction and the aerosol type. The aerosol types are identified for each daily data
point using the relationship between SAE and AAE and the boundaries of different aerosol types in
Figure 4a and 4b. This enables characterization of the aerosol properties for each type. Figure 5
summarizes this statistical analysis, within D<10 um (left) and D<1 um and 1 pum <D<10 um (right). In
general, the aerosol property statistics for each aerosol type are quite similar for each size fraction.

The dust type for D<10 pm (Figure 5a) shows O, higher than 270 Mm™. This high value corresponds to
levels observed during 22" February 2016, when a dust transport phenomenon arrived at southwest
Atlantic coast of Europe. This episode was exceptional because of its unusual intensity during the cold
season and it was an example of an extreme atmospheric event occurring in a hotspot, the Saharan
desert, and its impact two thousand km away (Sorribas et al., 2017). Unfortunately, the scattering values
for dust segregated by size (Figure 5b) are unavailable during this event due to a malfunction of the
switched impactor system. Consequently, O, values for dust in Figures 5a and 5b, represent different
time periods. All aerosol types in Figure 5b, except dust, exhibit oy, with daily mean values from 17 to 20
Mm™, while dust values are significantly higher (56+11 Mm™) despite not encompassing the February
2016 event. Another observation is that there is a slight increase in variability for sub-micrometer size
fraction relative to the super-micrometer size fraction, as 25" and 75™ percentiles shown in Figure 5b.
This is likely because air masses dominated by natural aerosol (dust/marine) within the super-
micrometer size fraction are less variable than those within the subl-micron fraction.

Absorbing particles are primarily contained within the submicron size fraction (Figures 5d and 5f). 0, is
higher for the brown and black carbon mixture (BC/BrC category) with a daily mean of 4.0 Mm™, while
the lowest absorption values are observed for the regional marine group (1.4 Mm™). The low absorption
values for the regional marine group are consistent with the characterization of sea salt aerosols as non-
light-absorbing particles. Black and brown carbon absorption coefficients on the southwest Atlantic
coast of Europe are similar to those found in other European continental sites (Zanatta et al., 2016).

The SSA values for the D<1 um size cut are lower than the D<10 pm SSA values. In contrast, the SSA
values for the 1 pum<D<10 um size cut tend to be higher than the D<10 pum SSA values. This reflects both
that absorbing aerosol is primarily in the sub-micrometer size range and that natural aerosol (e.g., dust
and salt) are more likely to be coarse, primarily scattering aerosol.
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Figure 5. Statistics of optical properties for each aerosol type within D<10 um (left) and D<1 um and 1
um<D<10 um (right) size ranges, calculated using the limits of AAE&SAE relationship shown in Figures 4a
and 4b. (a and b) Scattering, (c and d) absorption coefficients, (e and f) single scattering albedo (g and h)
back-scattering fraction, (i and j) asymmetry factor and (k and ) radiative forcing efficiency (RFE) are
shown. The horizontal line in each box is the median (50th percentile), edges of each box are the 25"
and 75" percentiles, and the whiskers indicate the 5™ and 95™ percentiles. Reg. M is regional marine.
Rem. M is remote marine. M/D/BC are Marine/Dust/Black Carbon mix contribution. D/BC/BrC are
Dust/Black Carbon/Brown Carbon mix contribution. Number of days for each aerosol type is indicated at
the top of Figures 5a and 5b.
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The backscatter fraction decreases with larger particles since forward scattering increases with particle
diameter (e.g. Collaud Coen et al., 2007). Figure 5h suggests that the BC and BC/BrC types (b values
ranging from 0.14 to 0.15) are dominated by lower end of the accumulation mode aerosol. In contrast,
the regional marine aerosol type exhibits the lowest b value of any of ARN’s aerosol types with
0.12+0.02. Two factors may be related to the low b values for the regional marine group: (1) b is lower
for sharp-edged aerosol than for spherical aerosol of the same geometric diameter (Doherty et al.,
2005), e.g., regional marine is related to marine aerosol (see Section 3.4) and therefore suggests that
sea-salt is more irregular than carbonaceous aerosol or (2) differences in the size distribution of the
sub1-micron size fraction for regional marine and carbonaceous aerosol compounds (Collaud Coen et
al., 2007), e.g., regional marine compound has higher mean diameter than carbonaceous aerosol. In our
case, one issue in opposition to argument the (1) is that the sea salt aerosols are hygroscopic and pick
up water at low relative humidity, so they may not be irregular at the relative humidity values at which
the measurements are made. The b values for other aerosol types fall between the BC, BC/BrC and
regional marine aerosol, again likely reflecting differences in size distribution.

All aerosol compounds except BC and BC/BrC have scattering asymmetry parameter, g, with daily mean
values from 0.60 to 0.63 Mm™ (Figure 5j). BC and BC/BrC components show lower mean daily g with
values of 0.58+0.03 and 0.55+0.03, respectively. This is consistent with BC and BC/BrC being associated
with smaller anthropogenic particles.

Submicron aerosol components show high radiative forcing efficiency (Figure 5l), RFE, especially those
with carbonaceous aerosol in the BC and BC/BrC categories, with mean values of -17 W m? AOD™.
Aerosol types corresponding to larger particles (e.g. dust and marine influenced aerosol types) exhibit
lower RFE with values around -24 W m? AOD™.

3.6. DIRECT AEROSOL RADIATIVE EFFECT

The direct aerosol radiative effect (DRE) of aerosols is the instantaneous radiative impact of atmospheric
particles on the Earth’s energy balance (Heald et al., 2014). It is sometimes confused with the direct
radiative forcing, which is the change in DRE from pre-industrial to present-day. The aerosol direct
radiative effect at the top of the atmosphere (DREq,) has been estimated for the clear-sky direct solar
radiation observational data over ARN using the aerosol optical depth (AOD) observed at 500 nm by a
Cimel sun-photometer and the radiative forcing efficiency (RFE) calculated at 550 nm from
nephelometer and CLAP measurements. The AOD values were adjusted to 550 nm using Angstrém
interpolation of the AOD at 500 and 676 nm. DRE;os was calculated using DRE;ga = RFE*AOD. This
approach to calculating DRErgx has several constraints to take into consideration: (1) the different
temporal coverage of RFE and AOD, (2) the variability of the environmental properties as fractional
cloud amount in the REF equation (see Section 2.3), (3) the potential for different aerosol layers aloft,
(4) the dependence between AOD and fractional cloud amount and (5) the variability of ambient relative
humidity (RH) at the surface and aloft. These points are discussed further below, and points (4) and (5)
are currently under study. It is important to underline that the following results are just approximations,
because of the limitation of applying the RFE equation to a particular time and place.

(1) A caveat associated with aerosol DRE;px estimation using these experimental datasets is the
different temporal coverage of each measurement: the AOD is measured during daylight hours and
clear-sky direct solar radiation, while RFE is measured with a 1-min time resolution 24 hours/day. In the
present work, the uncertainty due to this different temporal coverage has been removed by computing
and using the 1-h average nephelometer only for those times during when the Cimel data were
retrievable.

(2) The fractional cloud amount, (A.), is estimated using the percent of sun-photometric measurements
with respect to the total, (n), following implementation of the cloud screening algorithm. The cloud
screening algorithm eliminates the data affected by clouds. A. is assumed to be 0, 0.5 or 1 when n is
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>75%, within the range [25-75]% and <25%, respectively. This is a simplistic attempt to account for
actual A. and more effort will be carried out in the future with the aim to addressing the deviations in
DRE incurred by the restricted use of three intervals for A, value.

(3) The next consideration for DRE;o, estimation is related to the vertical structure of the atmosphere,
which might be an important factor affecting the relationship between integrated column and surface
in-situ measurements. In the particular case of the southern Atlantic coast of Europe, the variability in
direct radiative effect (estimated using RFE*AOD) is mainly dependent on AOD, as was previously shown
in Section 3.2, due to the small range in RFE observed by the relationship between backscattering
fraction and the single scattering albedo values. This finding leads to our assumption that the surface
RFE can, in most cases, represent the RFE throughout the column. When DRE;qx Was calculated for
specific aerosol types this was further addressed by utilizing the criteria that the aerosol type identified
from the surface measurements was required to match the aerosol type identified for the AOD
measurements (i.e., Toledano et al., 2007b) as described below.

(4) The potential co-variance between A. and AOD is not considered here and as noted above is a
subject of further study. Such a relationship could occur if certain air mass types (and their associated
AOD) were more likely to be associated with atmospheric dynamics/meteorology (e.g., frontal passages,
Zhang and Reid, 2009) or if effects like humidification and aerosol processing related to clouds impacted
the AOD (e.g., Eck et al., 2018).

(5) To quantify the direct effect of aerosol particles in the energy budget, it is required to transform the
dry RFE to ambient conditions (Titos et al., 2014a). The importance of the RH effect was shown by
Markowicz et al. (2003) where a 25% increase in RH enhanced the RFE by a 10% during the ACE-Asia
experiment. This dependence was also shown during an experimental campaign in Granada (Spain),
where a RH increase from dry conditions (<40%) to 85% increased RFE by about 30% (in absolute terms)
(Titos et al., 2014a). Therefore, the results shown in this section are expected to be affected by the
vertical profile of relative humidity which is not available for the analysis. Here, we have utilized the
non-ambient RFE from the in-situ measurements along with the ambient AOD from the sunphotometer
measurements. A more detailed study of the effects of RH on aerosol forcing at ARN is planned.

The hourly mean value obtained for DREo, for all data was -4.7 W m with standard deviation, 4.2 W
m?and 5" and 95™ percentiles of -13.4 W m? and -0.77 W m?, respectively. The frequency histogram of
DREoa in Figure 6a shows a frequency mode centered between -1.0 W m™ and -2.0 W m™ bins. Positive
values of DREox Were not observed.

Additionally, DREoa estimates based on the single component aerosol types described above (remote
marine, regional marine and black carbon (BC)) were carried out. Due to the low number of days with
dust classification (3 days), this aerosol type is not included. For the surface in-situ measurements, the
categories in Cappa’s matrix are used for aerosol classification as described above. For the rest of the
atmospheric column, the grouping of aerosol types is based on Toledano et al. (2007b), which uses the
relationship between AOD at 440 nm and extinction Angstrém exponent at 440 nm/870 nm to identify
aerosol type. Table 3 shows the criterion used. To select cases with the representative aerosol type,
data were only considered when the aerosol category for the surface in-situ measurements matched the
aerosol category of the column measurements (i.e., Table 3). When the aerosol types match for in-situ
and column measurements it is assumed that the mixing layers are well mixed and a homogeneous
vertical aerosol profile is present in the troposphere and boundary layers. In order to know that the
aerosol optical properties of these subsets are the same as those in Figure 5, an statistical analysis has
been carried out and it is shown in Figure 3S.

The frequency histogram of DRE;os (Figure 6b) and statistical parameters (Figure 6c) of each aerosol
type (remote marine and BC) and a mixture of both particle types (regional marine), are shown. In the
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case of remote marine aerosol, all DRErg, values are below -4 W m™ bin, with maxima at -2 W m™ bin.
For the anthropogenic aerosol type (labeled BC), DRE;oa ranges from -5.0 W m™ to -13.0 W m?, with
maximum at -6.0 W m™. The frequency distribution for DREroa of regional marine aerosol falls between

that of the remote marine and BC aerosol, as it consists of a mixture of sea salt and anthropogenic
aerosol.
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Figure 6. Frequency histogram for the aerosol direct radiative effect at the top of the atmosphere
(DREtoa) at ARN, (a) for all data and (b) for remote marine, regional marine and black carbon (BC-
dominated) aerosol types. (c) Statistical analysis by hourly means of DREoa. Vertical line is the median
(50" percentile), edges of box are 25" and 75" percentiles, whiskers are 5™ and 95" percentiles. Square
is the mean value. Number of data used in each aerosol type is shown near each box.

At surface level Integrated column
Aerosol Typing Cappa et al. (2016) Toledano et al. (2007b)
AAE SAE AOD EAE
Remote marine 0-1 <1 <0.10 0.0-1.5
Regional marine 0-1 1-3 0.10-0.20 1.0-1.5
BC 1-1.5 1-3 0.20-0.35 >1.05

Table 3. Criterion for selecting aerosol types as remote marine, regional marine and black carbon (BC) at
surface level (left) and total aerosol column (right). AOD and extinction Angstréom exponent (EAE) for BC
dominated aerosol type are referred to as continental in Toledano et al. (2007b).

Figure 6 suggests that natural and anthropogenic aerosols at ARN lead to a cooling of the climate system
through the direct aerosol effect at medium latitudes, and this cooling effect is higher for aerosol types
related to anthropogenic activities, primarily due to the higher loading of these aerosols. Since the
industrial revolution, human activities have increased the concentrations of components in the
atmosphere, impacting the radiative balance of the Earth system. The IPCC Fifth Assessment Report
(IPCC, 2014) shows that the anthropogenic radiative forcing is positive, therefore the direct radiative
effect has shifted to higher values from pre-industrial to present-day but the overall aerosol radiative
effect continues be cooling. The results found in our work may be useful to modelers in order to
compare with estimated radiative effect of aerosols at present-day and may add in the determination of

radiative forcing trends both for the natural and anthropogenic aerosols (e.g. Schulz et al., 2006; Skeie
etal.,, 2011).

4. MAIN CONCLUSIONS

Analyses of near-surface, in-situ, spectral aerosol light scattering (11 years) and absorption (4 years)
measurements on the southwestern coast of Spain are reported in this study to develop understanding
of: (1) the typical values, temporal variability and trends of aerosol optical properties, (2) the types of
aerosol observed based on proxies of the aerosol size and composition and (3) the radiative effect as a
function of aerosol type. The sampling site, at El Arenosillo (ARN) observatory in the southwest of the
Iberian Peninsula, is representative of other Atlantic coastal environments in southwestern Europe.
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A trend analysis on aerosol scattering coefficient (2006-2016 period) for the sub-10 size fraction
indicates statistically significant decreasing trends for March, May-June and September-October
periods, with a trend values ranging from -1.5 to -2.8 Mm™/year. For the (2009-2016) period, the
decreasing trend is less obvious and is only statistically significant for June and September months. For
scattering Angstrom exponent there were two months with statistically significant trends (June and
October): an increasing trend during June with a rate of 0.059/year and a decreasing trend during
October with a rate of -0.060/year. The trends observed may be a combination of one or more of the
following causes: (1) reduction of Saharan desert dust air masses arriving in the south of Spain, (2) a
decrease in particle loading in desert dust air masses and (3) a drop in particle loading in anthropogenic
influenced air masses.

Aerosol particles in the different size cuts exhibit different characteristics. Scattering particles are found
within both size fractions, while absorbing particles are mainly within the subl-micron size range. The
relationship between scattering and absorption Angstrém exponents provides information on aerosol
composition and size, and suggests several primary aerosol types. The subl-micron size cut comprises
black carbon dominated, mixed black and brown carbon and sea spray with anthropogenic influences
(regional marine) aerosol types. The main sources of super-micrometer particles appear to be a pure sea
spray aerosol or combination of desert dust and sea spray.

The aerosol properties have been segregated by the aerosol type and the aerosol optical property
statistics have been determined. Dust particles exhibit the highest scattering coefficient demonstrating
the intensity of occasional dust events. The absorption coefficient is highest for brown and black carbon
mix, while the lowest absorption values are observed for regional marine aerosol. Aerosol direct
radiative effect at the top of the atmosphere (DREtos) was calculated based on measurements for
several aerosol types. The hourly mean value obtained for DREo, regardless of type was -4.7 W m™ with
standard deviation, +4.2 W m? and 5" and 95" percentiles of -13.4 W m™ and -0.77 W m?, respectively.
For remote marine aerosol the frequency histogram of DRE;o, showed all DRE;o, values to be below -4
W m?, with the maximum at -2 W m™. For the anthropogenic aerosol type (labeled BC aerosol), DREros
ranges from -5 W m?to -13 W m, with maximum at -6 W m™. The frequency distribution for DREga of
regional marine aerosol (a mix of sea salt and anthropogenic aerosol) ranges from -3 W m2to -7 W m™.
The variability observed in DRE;gs is mainly dependent on the variability in AOD, as the backscatter
fraction and the single scattering albedo tend to counteract each other in the radiative forcing efficiency
equation.

This analysis demonstrates that aerosol optical properties can be used to identify the aerosol types, and
thus to distinguish particle sources and to indicate the importance of each source to the atmospheric
radiative effect. This typing and the associated aerosol characteristics may also be used to understand
uncertainties in remote sensing retrieval products and to correctly parameterize aerosol properties in
model evaluation studies, in order to properly simulate the forcing by aerosols.

5. DATA AVAILABILITY

The nephelometer and CLAP measurements at El Arenosillo are included in the NOAA/ESRL Federated
Aerosol Network (www.esrl.noaa.gov/gmd/aero/net/arn/index.html; Andrews et al., 2018). Raw data
are submitted in Near-Real-Time system to World Data Center for Aerosols (WDCA) and edited and
hourly data are submitted annually and can be retrieved from the EBAS data bank (http://ebas.nilu.no/).
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