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ABSTRACT

This investigation focuses on the characterisation of the aerosol particle hygroscopicity. Aerosol particle optical
properties were measured at Granada, Spain, during winter and spring seasons in 2013. Measured optical
properties included particle light-absorption coefficient (c,,) and particle light-scattering coefficient (o) at dry
conditions and at relative humidity (RH) of 85+ 10%. The scattering enhancement factor, f{(RH =85%), had a
mean value of 1.54+0.2 and 1.6+0.3 for winter and spring campaigns, respectively. Cases of high scattering
enhancement were more frequent during the spring campaign with 27% of the f(RH =85%) values above
1.8, while during the winter campaign only 8% of the data were above 1.8. A Saharan dust event (SDE), which
occurred during the spring campaign, was characterised by a predominance of large particles with low
hygroscopicity. For the day when the SDE was more intense, a mean daily value of f(RH =85%) =1.3+0.2 was
calculated. f(RH =85%) diurnal cycle showed two minima during the morning and afternoon traffic rush hours
due to the increase in non-hygroscopic particles such as black carbon and road dust. This was confirmed by
small values of the single-scattering albedo and the scattering Angstrom exponent. A significant correlation
between f(RH =85%) and the fraction of particulate organic matter and sulphate was obtained. Finally, the
impact of ambient RH in the aerosol radiative forcing was found to be very small due to the low ambient RH.
For high RH values, the hygroscopic effect should be taken into account since the aerosol forcing efficiency
changed from — 13 W/m? at dry conditions to — 17 W/m? at RH =85%.

Keywords: Aerosol particle light scattering, hygroscopic growth, scattering enhancement, radiative forcing, field
measurements

1. Introduction Deliquescent aerosol particles can exist in two phases at

Aerosol particles, both natural and anthropogenic, are the same RH, known as hysteresis (Orr et al., 1958). For

radiatively active components of the Earth’s atmosphere. increasing RH, pure deliquescent aerosol particles experi-

They play relevant roles in scattering and absorbing solar ence a sudden phase transition from solid to liquid at a

and infrared radiation and being at the same time able to act
as cloud condensation and/or ice nuclei. Aerosol particles
can take up water depending on their chemical composition
and the ambient relative humidity (RH), become larger in
size than their dry counterparts and, hence, can scatter more
light. Wet particles also have different angular scattering
properties and refractive indices than their dry equivalents.
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defined RH that is called deliquescence relative humidity
(DRH). Once the RH is above the DRH and the particle
is liquid, a decrease in RH does not make the particle to
recrystallise at the DRH. The recrystallisation RH is known
as efflorescence RH. As shown by Tang and Munkelwitz
(1993), mixed deliquescent aerosol particles can exhibit one
or more phase changes. If the particles are not deliquescent
but hygroscopic, they grow or shrink monotonically with
increasing or decreasing RH. All these effects present a direct
influence in the radiative forcing of aerosol particles being
of great scientific importance its quantitative determination.
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Numerous works have investigated the change in size
of aerosol particles due to water uptake by means of
Humidified Tandem Differential Mobility Analyzers
(HTDMAs) (Massling et al., 2007; Meier et al., 2009; Wu
et al., 2013, and references therein). Some of these works
include theoretical calculations using Mie theory to quantify
the effect that this growth in size may have in the scatter-
ing coefficient, which is of more climatic relevance. In this
sense, it is possible to measure directly the enhancement
in the scattering coefficient due to water uptake by means
of a tandem of nephelometer set-up (e.g. Covert et al.,
1972; Fierz-Schmidhauser et al., 2010a). Typically, one
of the nephelometers measures at a reference RH (usually
between 20 and 40%) while the second nephelometer
measures the particle light-scattering coefficient at a high
RH (up to 90%). The combination of both measurements
allows the determination of the scattering enhancement
factor [f(RH)], that is, the ratio between the scattering
coefficient at a certain RH and the scattering coefficient at
dry conditions. This factor quantifies the amount of change
in the particle light-scattering coefficient due to water
uptake. Typical measured values of f(RH) for different
aerosol types are listed in Table 1. Quantitative knowledge
of the scattering enhancement is very important when com-
paring remote sensing measurements such as lidar or sun
photometers with in-situ measurements (e.g. Zieger et al.,
2011, 2012; Estéve et al., 2012), as well as for climate
models. Most measurement stations, such as those involved
in the ACTRIS or GAW (WMO/GAW, 2003) networks,
perform routine measurements of the aerosol optical and
physical properties at dry conditions (RH <40%). In order
to use these measurements at low RH in climate studies,
the influence of RH must be taken into account. Although

Table 1.

most chemical transport and radiative transfer models have
incorporated empirically derived f(RH) values (Massoli
et al.,, 2009), some difficulties still exist in modelling
the changes of aerosol optical properties with water uptake
for species such as dust and soot, and specially organic
aerosols (Malm and Kreidenweis, 1997, Mircea et al.,
2005). In addition, most satellite algorithms retrievals omit
hygroscopic properties of ambient aerosols, and it has
encouraged the incorporation of in-situ knowledge of RH
in aerosol retrieval algorithms (Wang and Martin, 2007),
especially when applied to urban aerosols.

In this work, we describe a recently build humidification
system for a nephelometer that allows the determination
of f(RH). After testing the capabilities of the system in the
laboratory with well-defined monodisperse aerosols, the
system was installed in the IISTA-CEAMA station loca-
ted in Granada, Southern Spain, for continuous measure-
ments of f(RH). Results of two sampling campaigns
performed during winter and spring seasons are reported
here. The data are analysed in the base of diurnal and
seasonal changes in aerosol particle composition and
meteorological conditions. In addition, the relationships
between f(RH), chemical composition and intensive aerosol
parameters, such as the aerosol single-scattering albedo or
the scattering coefficient related Angstrém exponent, are
explored.

2. Experimental

2.1. Site description

All data presented here have been measured at an urban
station located in Southeastern Iberian Peninsula (Granada,
37.18°N, 3.58°W, 680 m a.s.l). Two measurement campaigns

Hygroscopic growth factors from the literature measured for different aerosol types

Observation site Predominant aerosol type

f(RH) Reference

Cape Cod (MA, USA)

Mace Head (Ireland)

Cabauw (The Netherlands)
Ny-Alesund (Norway)

Southern Great Plains (OK, USA)
Bondville (IL, USA)

Xin’An (China)

Jungfraujoch (Switzerland)
Southern Great Plains (OK, USA)
Granada (Spain)

Beijing (China)

Xin’An (China)

Granada (Spain)

Clean marine
Clean marine
Maritime

Artic
Continental
Continental
Dust dominated
Dust dominated
Dust dominated
Dust dominated
Urban

Urban pollution
Urban

f(RH =80%) =2.2
f(RH =85%) =2.2
f(RH =85%) =3

f(RH =85%) =3.5
f(RH =85%) =1.83
f(RH =82.5%) =1.4-1.5
f(RH =80%) =1.2
f(RH =85%) =1.3
f(RH =85%) =1.59
f(RH =85%) =1.3
f(RH =80-85%) =1.26
f(RH =80%) =1.57
f(RH =85%) = 1.6

Titos et al. (2014a)
Fierz-Schmidhauser et al. (2010c)
Zieger et al. (2011)

Zieger et al. (2010)

Sheridan et al. (2001)
Koloutsou-Vakakis et al. (2001)
Pan et al. (2009)
Fierz-Schmidhauser et al. (2010b)
Sheridan et al. (2001)

This work

Yan et al. (2009)

Pan et al. (2009)

This work

The values of f(RH) corresponds to the ratio of the aerosol light-scattering coefficients (near 550 nm wavelength) at high RH and at dry

conditions (RH <40%).
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were performed: the first one took place during winter
season (from 22 January to 15 February 2013) and
the second one during spring season (from 4 April to 10
May 2013).

Granada is a medium-sized city sited in a valley sur-
rounded by high mountains. The sampling site is located in
the southern part of the city and it is less than 500 m away
from a highway that surrounds the city. Titos et al. (2012)
reported that, in Granada, the coarse fraction (PMq_;) was
mainly composed by mineral matter (around 62%) and
organic and elemental carbon (EC), OC+EC (12%) while
the fine fraction (PM;) was composed mainly by OC+EC
(32%) and secondary inorganic aerosol material that con-
tributed around 20%. In a recent source apportionment
study of fine and coarse particulate matter, Titos et al.
(2014b) pointed out that the major aerosol sources at
Granada are road traffic and mineral dust as well as fuel-
based domestic heating during winter time. The levels of the
mineral matter increase considerably from winter to summer
due to the dryness conditions, which favour re-suspension
processes and the higher frequency of Saharan outbreaks
(Navas-Guzman et al., 2013), while OC+EC increase its
contribution during winter compared with summer (Titos
et al.,, 2014b). In addition, the aerosol particle mass
concentration and its composition depend on the combina-
tion of both local and regional sources as well as meteor-
ological conditions which may lead during specific situations
to the accumulation of pollutants near the surface (Lyamani
et al., 2012).

2.2. Instrumentation

Air sampling for all the instruments was obtained from the
top of a stainless steel tube of 20 cm diameter and 5 m length
(Lyamani et al., 2008, 2010), located at about 15 m above the
ground. Measurements were performed neither with particle
size cut-off and heating of sampled air. Inside this main
stack, there are several stainless steel pipes that drive the
sampling air to the different instruments. Different dia-
meters of the pipes have been selected in order to optimise the
efficiency of the system in terms of isokinetic sampling
(Baron and Willeke, 2001).

At the station, we operate two integrating nephelometers,
one of them equipped with a humidification system. The
integrating nephelometer (model TSI 3563) is able to
measure particle light-scattering (o) and back scattering
(obsp) coefficients at three wavelengths 450, 550 and 700 nm
(Anderson et al., 1996). A routine maintenance and calibra-
tion of the nephelometers is carried out periodically using
CO; and filtered air. The experimental set-up consists of
two TSI 3563 integrating nephelometers running in parallel.
A schematic representation of the experimental set-up is
shown in Fig. 1. One of the nephelometers measures the
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Fig. 1.  Experimental set-up.

particle light-scattering coefficient at dry conditions (refer-
ence nephelometer) and the second one measures at high RH
with a humidifier system attached to the inlet (humidified
nephelometer). Both nephelometers draw the ambient air
at a flow rate of 151/min. The humidifier consists of two
concentric tubes: the inner one is a high density porous
PTFE (polytetrafluoroethylene) tube of 15.5+ 0.5 mm inner
diameter and 30 cm length. The pore size is large enough to
allow the transfer of water molecules across the membrane,
but too small for larger molecules to cross the barrier. The
outer tube is made up of stainless steel and is wrapped in a
cable heater and insulation. There is a closed loop of water
that circulates between the PTFE and the outer tube. As
the water temperature increases, the RH of the sample air
increases. The temperature of the water is regulated via
a feedback system between the RH sensor, the PID
(proportional—integral—derivative) controller and the hea-
ter. If the measured RH after the humidifier is below the set
point the PID controller sends a signal to send current to the
heater. The PID regulates the amount of current and heating
rate of the humidifier heater until the desired set point is
attained.

Temperature and RH sensors (Rotronic HygroClips
HC2-S, accuracy of +0.8% RH and +0.1K) are placed
before and after the humidifier to measure air temperature
and RH, before and after humidification, respectively
(Fig. 1). Since very precise measurements of the RH are
needed for this study, two additional sensors (Rotronic
Probes HC2-C04, accuracy +1.5%RH and +0.3K) have
been placed inside the nephelometers’ chamber, side by side
to the original TSI sensor (sample sensor according to the
TSI 3563 manual). Since the temperature measured by the
TSI sensor is needed for calibration, the original sensor was
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also kept in the nephelometer. In Section 2.4 the compar-
ison between the Rotronic and TSI sensors is discussed.

The humidified and reference nephelometers measured
at a frequency of 1 min and non-idealities due to truncation
errors and non-Lambertian light source were corrected
according to Anderson and Ogren (1998). The uncertainty
in oy, is about 7% (Heintzenberg et al., 2006). During most
of the study period, the RH of the humidified nephelometer
was set to a constant value of 85% RH and for some time
periods of 2-3 h of duration the humidity was cycled from
low to high RH.

Furthermore, the particle light-absorption coefficient,
Gap, Was measured with a Multi-Angle Absorption Photo-
meter (MAAP) (Thermo ESM Andersen Instruments,
Erlangen, Germany). In this instrument, particles are depo-
sited on a quartz fibre filter and a continuous 637 nm laser
(Miiller et al., 2011) illuminates the filter matrix perpendi-
cularly. In the MAAP, the determination of the particle
light-absorption coefficient of the deposited aerosol par-
ticles uses radiative transfer calculations and explicitly
includes a treatment of backscattering effects from the
filter matrix and the light-scattering aerosol component
(Petzold and Schoénlinner, 2004). The MAAP draws the
ambient air at constant flow rate of 16.71/min and pro-
vides 1-min values. The total method uncertainty for the
particle light-absorption coefficient inferred from MAAP
measurement is around 12% (Petzold and Schénlinner,
2004).

A high-volume sampler (CAV-A/MSb) was used for
sampling PM at a flow rate 30m® h~' using quartz fibre
filters. The filters were conditioned and treated pre- and
post-sampling. Once the particle mass concentrations were
determined by gravimetry, the filters experienced different
laboratory treatments for determining the levels of major
and trace components (Querol et al., 2009; Titos et al.,
2012). A total of nine filters were collected during the study
period (three and six filters during the winter and spring
campaigns, respectively).

Meteorological variables including ambient RH were
measured by an automatic weather station at the sampling
site. The ambient RH was measured, at the same height of
the sampling inlet, by a psychrometer model MTH-A1
(ITC, Almeria, Spain) with precision of 5%. The ambient
RH data were recorded as 1 min averages.

In order to characterise the transport pathways of air
masses arriving at our study area and to detect the aero-
sol source regions responsible for some aerosol episodes
affecting our station, 5-d backward trajectories arriving at
Granada at 500m a.g.l. were calculated online using the
HYSPLIT4 model (Draxler et al., 2013). The model version
employed uses GDAS (Global Data Assimilation System)
meteorological data and includes vertical wind.

2.3. Data treatment

An important variable when studying the effect of RH
on particle light-scattering is the scattering enhancement
factor f(RH) that is defined as the ratio of o4,(A) at high
and at a reference dry RH:

f(RH) = o, (RH, 1)/0,(dry, %) M

The scattering enhancement factor can be well described
with the following two free parameters equation (Clarke
et al., 2002; Carrico et al., 2003):

f(RH) = a(1 — RH)™ )

where a is the intercept at RH = 0% and y parameterises
the magnitude of the scattering enhancement.

From the measured aerosol light-scattering and absorp-
tion coefficients, it is possible to derive other variables that
offer additional information and, hence, improve the char-
acterisation of aerosol particles. In this sense, the scatter-
ing Angstrém exponent that characterises the wavelength
dependence of o, was calculated according to the follow-
ing formula for the wavelength pair A; =700nm and
Ay =450 nm.

o(r —Ay) = —(log c5sp(7”1) —log Gsp(kz))/(l()g A —logh,)
3)

This variable increases with decreasing particle size
and takes values around 2 when the scattering process is
dominated by fine particles, while it is close to 0 when the
scattering process is dominated by coarse particles (Seinfeld
and Pandis, 1998; Delene and Ogren, 2002).

The single-scattering albedo (mg) is a key variable for
determining the aerosol radiative forcing. It is defined as
the ratio between the scattering and the extinction (scatter-
ing plus absorption) coefficients at a given wavelength:

@y (2) = 6,(1)/ (04, (A) + 64, (1)) Q)

As a result of dividing the backscattering coefficient
(obsp(M)) by ogp(R), we obtain the backscatter fraction
(b), which is the fraction of radiation that is scattered at
angles between 90° and 180°. This parameter increases with
decreasing particle size.

b= Gbsp(}”)/csp(;\‘) (5)

The aerosol forcing (AF) from an optically thin, partially
absorbing aerosol layer can be calculated using the follow-
ing equation (Haywood and Shine, 1995):

)

AF = —DS, T (1 — A,)»,Bd

{on )
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where D is the fractional day length, Sy is the solar
constant, T, is the atmospheric transmission, A. is the
fractional cloud amount, 9 is the aerosol optical depth, B is
the upscatter fraction and Ry is the surface reflectance. The
aerosol forcing efficiency can be defined as the aerosol
forcing per unit optical depth (Sheridan and Ogren, 1999)
and can be calculated from eq. (6) just by dividing by d:
AF/8 = ~DS,T (1 - Ao, b

foreBle-) -

The upscatter fraction is the fraction of light that is
scattered into the upward hemisphere relative to the
horizon, and hence, depends on the zenith angle and the
particle size. In this work, B is parameterised as a function
of the measured backscatter fraction (b) using the equation
proposed by Wiscombe and Grams (1976):

B =0.0817 + 1.8495b — 2.9682b ®)

In addition, for the computation of the aerosol forcing
efficiency, constant values of D =0.5, Sy =1370 W m 2
T, =0.76, A.=0.6, and R,=0.15 (Haywood and Shine,
1995) have been assumed.

2.4. Performance of the humidifier system

Laboratory measurements of well-defined monodisperse
ammonium sulphate and sodium chloride particles were
performed in order to test the capabilities of the humidifier
system. These measurements were performed at the facili-
ties of the Leibniz Institute for Tropospheric Research
(TROPOS) in Leipzig, Germany, and showed a good
agreement between the experimental results and literature
values. In this sense, the DRH was found to be 78% for
(NH4),SO,4 in comparison with literature values of 80%
(Tang, 1996) and 79.5% (Kus et al., 2004). In the case of
NaCl, the experimental DRH point was 75% which is in
agreement with the values of 75 and 75.2% reported by
Tang (1996) and Kus et al. (2004), respectively.

As mentioned in the instrumentation section, two
Rotronic sensors (factory-calibrated) were placed side by
side to the original TSI sample sensors inside both nephe-
lometers. The Rotronic sensors were inter-compared prior
to installation in the nephelometers and in the humidifier
system showing a good agreement. The comparison be-
tween RH TSI and Rotronic sensors showed a good agree-
ment for low RH values while relative differences up to
12% were observed for RH > 75%. Concerning the tem-
perature measurements, the TSI sensor showed differences
lower than 1% compared with the Rotronic sensor in the
reference nephelometer whereas differences up to 6% were
observed in the humidified nephelometer, probably due to

more abrupt changes in temperature caused by heating in
the humidifier. However, this difference in the tempera-
ture has a very small effect in the calculated particle light-
scattering coefficient. In fact, assuming a temperature
difference of 6% at 300 K, this would cause an error smaller
than 0.1 Mm ~ ' in the Rayleigh scattering at 550 nm, which
can be considered as negligible.

In the winter campaign, the RH inside the reference
nephelometer was on average 17+5% and during the
spring campaign it was 30 +7%. These low RH values were
attained with no need for drying. For those periods when
both nephelometers measured at dry conditions (RH <
50%), they showed a good agreement with each other
in the measured scattering coefficients. In particular, the
particle light-scattering coefficient at 550 nm and dry con-
ditions (<50% RH) in the humidified nephelometer was
around 8% (R*>=0.99) and 3% (R> =0.97) smaller than the
measured in the reference nephelometer during the winter
and spring campaigns, respectively. Similar results were
obtained for the other wavelengths. This difference could
be related with sampling losses in the humidifier system
and it was empirically corrected by applying the slopes of
the regression between the reference and the humidified
nephelometers when measuring at RH < 50% as correction
factors. It is necessary to highlight that the temperature of
the sampled air was kept below 34°C in order to minimise
losses of volatile compounds (Bergin et al., 1997; ten Brink
et al., 2000).

3. Results and discussion

3.1. Overview: winter and spring campaigns

The winter campaign started on 22 January and lasted till
15 February 2013. It was characterised by low ambient
temperatures with average campaign values of 9+ 5°C and
ambient RH of 61+21%. Both variables presented clear
diurnal patterns with high temperature and low RH values
at midday. During the spring campaign (4 April — 10 May
2013), the mean ambient temperature was 16+ 6°C and the
RH was 50+20%. From 13 to 19 April, the temperature
increased considerably, reaching hourly values up to 30°C
at midday. After this period, the temperature experienced
a strong decrease being the period from 28 to 30 April
characterised by very low temperatures (maximum tem-
perature at midday below 10°C). With regard to the
chemical composition of aerosol particles in the PM;,
size fraction, Fig. 2 shows the chemical speciation for the
winter and spring campaigns. During the winter campaign,
EC contributed 9% to the total mass and particulate
organic matter (POM, calculated as 1.6*Organic Carbon)
contributed around 40%. Mineral matter (calculated as the
sum of Al,O3, Si0,, CO;3, Ca, Fe, Mg, K) represented 18%
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Winter campaign

20%

6%

Fig. 2.

21%

Spring campaign

Mineral

POM

EC

SOf‘

NO,.

Trace elements
Unaccounted

Chemical speciation of PM fraction during winter and spring campaigns expressed in percentages (%).The unaccounted mass

fraction refers to the percentage of mass that was not determined by chemical analysis compared to the gravimetric PM;, mass. Mineral
fraction was calculated as the sum of Al,O3, SiO,, CO;, Ca, Fe, Mg, K; trace elements as the sum of Li, P, Sc, Ti, V, Cr, Mn, Co, Ni, Cu,
Zn, Ga, Ge, As, Se, Rb, Sr, Cd, Sn, Sb, Cs, Ba, La, Ce, Lu, Hf, Ta, W, T, Pb, Bi, Th and U; and POM as OC*1.6.

of the PM;, mass concentration. This last constituent
doubled its contribution to PM;, mass concentration
during the spring campaign whereas the contribution of
POM and EC decreased to 24 and 6%, respectively. The
contribution of SO}~ was slightly higher during the spring
campaign while in the case of NOs_ its contribution was
higher during the winter campaign. In spite of the limited
number of samples, the chemical speciation during the
campaigns was in accordance with the results reported by
Titos et al. (2014b) for the period 2006-2010 in Granada.

Figure 3a and 4a show an overview of the measured
dry particle light-scattering and absorption coefficients,
Gsp(dry, 550nm) and o,p(dry, 637nm), during the winter
and spring campaigns at Granada, respectively. The data
shown represent hourly averaged data. Unfortunately,
there are no data of the particle light-absorption coefficient
for around half of the winter campaign (since 8 February),
because the instrument was shipped for the ACTRIS
intercomparison workshop. Table 2 summarises the mean
(+SD) and median values of measured and derived
variables for the two measurement periods. During the
winter campaign, the hourly o,(dry, 550 nm) ranged from
3 to 187Mm ~! and from 2 to 338 Mm ~! during the spring
campaign. The hourly c,,(dry, 637nm) varied within the
winter measurement period from 0.6 to 84 Mm ~! with an
average value of 17+17Mm ~'. During the spring cam-
paign, the values of the o,,(dry, 637 nm) were slightly lower
(average 11+11Mm '), showing a strong day to day
variability during both measurement periods. Intensive
aerosol particle variables such as the single-scattering
albedo and scattering Angstr(’im exponent were used to
better understand the variability of the enhancement factor
of the particle light-scattering. On average, the differences
between both campaigns when looking at wy(dry, 637 nm)
and o(dry, 450—700) were very small (Figs. 3b and 4b).
According to the values reported in Table 2, absorbing
aerosol particles presented a significant contribution to the
aerosol population over Granada in both campaigns. The
scattering processes were dominated by fine particles in

agreement with previous studies performed in our station
(Lyamani et al., 2008; Lyamani et al., 2010; Titos et al.,
2012).

Figures 3c and 4c show the temporal evolution of
f(RH =85%, 4) for the winter and spring campaigns,
respectively. It is interesting to note that the actual RH
measured inside the humidified nephelometer can differ in
+10% from the set point value of RH = 85% due to the
thermal gradient between the outlet of the humidifier and
the nephelometer chamber. Fierz-Schmidhauser et al.
(2010b) encountered a similar issue in their humidified
nephelometer. In our system, although the RH downstream
of the humidifier was almost constant in time, the RH
inside the humidified nephelometer was not. In order to
avoid a masked effect in the f(RH) due to RH fluctuations
inside the humidified nephelometer, the f(RH) measured at
RH values between 75 and 95% has been recalculated to
the target value of RH = 85% using eq. (9) that is based on
eq. (2) and assuming that it generally holds.

FURH) = FORH) o | ®
arge measure 1— RHmcasuTC d

Mean campaign values of the fitting parameter y were
used for the calculation of f(RH =85%) in eq. (9). For the
winter and spring campaigns, the mean y values were 0.27
and 0.40, respectively (see Section 3.3). The use of a mean y in
eq. (9) contributes to the uncertainty in the reported
f(RH =85%) values. However, since only f(RH) values
measured between 75 and 95% RH were recalculated to
85% RH, small differences are expected. For example, if
the measured f(RH =75%)=1.5 and y=0.40, a change
of +20% in the y value when recalculating f(RH) to
85% RH would cause an average difference of 4% in
f(RH =85%), which is not very substantial. Hereafter,
f(RH) will refer to the 550 nm wavelength. The average
f(RH =85%) values for both campaigns were very similar
(1.5+0.2 for winter and 1.6+0.3 for spring campaigns).
During the winter campaign, daily averaged values of
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Fig. 3.
exponent and f(RH =85%) during the winter campaign.

f(RH =85%) ranged from 1.35 to 1.70 while during the
spring campaign f(RH =85%) varied from 1.30 to 2. The
average values reported in this study are in the range of
values reported in the literature for urban and continental
aerosols (see Table 1). Considerably higher values of f(RH)
have been measured in the Arctic (Zieger et al., 2010), in the
coastal Northeastern United States (Titos et al., 2014a) and
in the free troposphere (Fierz-Schmidhauser et al., 2010b).
A Saharan dust event (SDE) of moderate intensity
occurred during the spring campaign (14—19 April accord-
ing to the backward trajectories ending in Granada at
500m a.g.l.). This period was characterised by a strong
decrease in the dry scattering Angstrdm exponent (see
Fig. 4b), which reached its minimum during 16 April, with
a daily mean value close to 0.5, denoting an increase in the
contribution of coarse mode aerosols. In coincidence with
this decrease, the dry single-scattering albedo at 637 nm

Time series of hourly average values of the scattering and absorption coefficients, single-scattering albedo, scattering Angstrém

increased to values up to 0.9. The f(RH =85%) also
decreased during this period to values close to 1 denoting
that dust particles have low hygroscopic enhancement. The
f(RH =85%) daily mean value on 16 April was 1.3+0.2,
which is in accordance with the values reported by Pan
et al. (2009) of 1.2 at 80% RH during a dust episode near
Beijing and by Fierz-Schmidhauser et al. (2010b) for dust
aerosols in the free troposphere [f(RH = 85%) =1.2].

3.2. Diurnal cycles

All the variables analysed here presented clear diurnal
patterns (Fig. 5) mainly governed by changes in local
sources, especially road traffic emissions, and the meteor-
ological conditions. Lyamani et al. (2010) performed a
detailed analysis of the seasonal diurnal evolutions of
Gsp(dry, 550nm), o,,(dry, 637nm), o(dry, 450-700) and

Table 2. Statistical summary of the aerosol dry scattering and absorption coefficient, single-scattering albedo, scattering Angstrom
exponent and scattering enhancement factor at 85% RH during the winter and spring campaigns

Winter campaign

Spring campaign

Mean+SD Median Mean+SD Median
Gsp(dry. 550 nm) (Mm ~ b} 41+34 29 38426 31
Gap(637 nm) (Mm ™) 17417 10 11+11 8
a(dry, 450-700) 1.840.4 1.9 1.840.3 1.8
®o(637 nm) 0.70+0.09 0.70 0.7340.11 0.75
f(RH =85%. 550 nm) 1.54+0.2 1.5 1.64+0.3 1.6
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Fig. 4.

o(dry, 637 nm) in Granada during the period 2005-2007.
The diurnal patterns observed in this study are in agreement
with the previously reported by Lyamani et al. (2010). Here,
these diurnal cycles are used to support the interpretation of
the diurnal cycle of the scattering enhancement factor.
During both campaigns, f(RH =85%) showed two minima
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during the morning and afternoon traffic rush hours and the
diurnal cycle displayed by this variable was very similar to
the one presented by the single-scattering albedo (Fig. 5b).
The two f(RH =85%) minima were probably connected to
the relative increase of the non-hygroscopic particle fraction
such as black carbon and road dust due to traffic emissions
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Diurnal evolution of the scattering and absorption coefficients at 550 nm, scattering enhancement factor at 85% RH and 550 nm,
single-scattering albedo at 637 nm and scattering Angstrém exponent during the winter (upper panel) and spring (lower panel) campaigns.
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as indicated by a decrease in a(dry, 450-700) and mq(dry,
637nm) during the traffic rush hours (Fig. 5b and 5¢). In
addition, during the spring campaign, f(RH =85%) exhibi-
ted a maximum at 11:00 local time in coincidence with the
maximum observed in a(dry, 450—700). Thus, the diurnal
behaviour of f(RH =85%) seems to be driven by both the
chemical composition and the size of the dry particles
(related here with the single-scattering albedo and the
scattering Angstréom exponent due to the lack of online
chemical measurements). In Section 3.4, the relationship
between f(RH =85%) and o(dry, 450-700) and wy(dry,
637nm) is analysed in more detail.

3.3. Humidograms

During some time periods in both campaigns, the RH was
scanned from low to high values (up to 90-95%). The RH
measurement cycle started with a zero measurement and
the RH was increased stepwise to 80-85% in the humidi-
fied nephelometer within 30 min, and then decreased back
to RH values around 40% or below during the second
half of the hour. To perform these RH-cycles, temporal
windows in which the aerosol particle properties are
thought to not change drastically (as usually occurred
between the morning and evening traffic rush hours) were
selected in order to avoid a strong effect of local traffic and
easily characterise f(RH) changes connected with changes
in the air masses affecting our site. Figure 6 shows the
humidograms measured during the winter (1) and spring
(2) campaigns. The data shown represent average values in
2% RH size bins and the date and local time of each
humidogram are shown in the legend. No deliquescence
behaviour was observed during the study period, and in all
the cases the f(RH) increased monotonically with RH. Five
days air mass back-trajectories arriving at Granada at
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—e— 6 Feb 12:30-15:30
—e— 14 Feb 11:30-13:30
21 F b
€
< 18} i
2
w o
- 15F o* 1
.®
= | » *2%%3. i
1.2 vens®® 0; "!'33 \!
03 °~'!§’l!‘="f!!-"
0.9 [ %o “:, *tegte®® i
30 40 50 60 70 80 90 100
RH(%)

Fig. 6.

500m a.g.l. were computed online (http://ready.arl.noaa.
gov/) using HYSPLIT4 model to support the interpretation
of the humidograms. Table 3 shows the mean and standard
deviation of the particle light-scattering and absorption
coefficients, single-scattering albedo, scattering Angstrom
exponent, f(RH =85%), and the air mass classification
at 500m a.g.l. for each scan period. As can be observed,
a(dry, 450-700) and wy(dry, 637nm) values showed low
variability within each scan (as indicated by the standard
deviation) which suggests no significant changes in the
aerosol composition and type during the scan.

During the winter campaign, all the humidograms were
very similar in shape and magnitude with the exception of
14 February that presented a higher scattering enhancement.
On 23 January, 4 and 6 February, the humidograms showed
very little enhancement with values of f(RH =85%) below
1.25. However, on 14 February, f(RH) reached values up
to 1.74 at 85% RH. During this particular scan, o(dry, 450—
700) was larger (see Table 3), which suggest a predominance
of fine and more hygroscopic aerosol particles. These
differences between scans can be connected with different
air masses arriving at the sampling location (and thus
different aerosol type). During all the winter scans, the air
masses arriving at 500m a.g.l. at Granada were coming
from the Atlantic Ocean and crossed Spain in their way
to Granada. However, during 14 February the air masses
were advected at very low levels, close to the ground, likely
picking up pollutants, leading to an increase in the particle
light-scattering coefficient and a(dry, 450—700). During the
spring campaign most humidograms presented a similar
shape and magnitude with the exception of those obtained
on 16 and 25 April and 9 May (Fig. 6b). The lowest scattering
enhancement of the spring campaign was observed on
16 April. On this day, Granada was affected by air masses
from the Sahara Desert. For this case, the average (+SD)

—%—8 April 11:30-13:30
—*—9 April 12:30-14:00
%10 April 12:30-15:30 ——T——T——T1—
=16 April 16:30-18:30 d
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| | —o—26 April 12:15-13:45
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2.1 | —#—30 April 13:10-14:20 //' .
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1.8 | —=—8 May 12:00-13:00
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15+
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Aerosol light-scattering enhancement factor at 550 nm versus relative humidity during different time periods in the winter (a) and

spring (b) campaigns. Each point represents the average f(RH) value in 2% RH size bins.
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Table 3. Mean and standard deviation of the dry scattering and absorption coefficients, single-scattering albedo, scattering Angstrém

exponent and scattering enhancement factor at 85% RH during the humidograms

Gyp(dry, 550nm)  o,,(dry, 637 nm)

Day (Mm ™1 (Mm ") o(dry, 637nm)  a(dry, 450-700) f(RH =85%) Air mass classification
23 Jan 17+4 6+2 0.69 +0.05 1.3+0.2 1.17 Atlantic

4 Feb 48+16 14+10 0.73+0.08 2.0+0.1 1.25 Atlantic

6 Feb 25+8 6+2 0.76 +£0.03 1.84+0.2 1.23 Atlantic

14 Feb 61+10 - - 2.20+0.08 1.74 Atlantic

8 Apr 34+12 11+£5 0.71+0.04 2.0+0.1 1.62 North Europe+ Atlantic
9 Apr 3948 S+1 0.85+0.02 1.8+0.1 1.69 Atlantic

10 Apr 5749 7+2 0.86+0.03 2.114+0.07 1.69 Atlantic

16 Apr 31+1 4.84+0.8 0.86+0.02 0.6+0.1 1.12 North Africa+ Mediterranean
25 Apr 10+3 441 0.66+0.05 1.64+0.3 1.32 Mediterranean

26 Apr 50+11 13+2 0.74+0.03 2.0440.09 1.65 Mediterranean

29 Apr 9+3 442 0.61+0.07 1.94+0.4 1.71 Atlantic

30 Apr 2543 10+2 0.64+0.03 24+0.1 1.96 Atlantic

2 May 3749 5+2 0.83+0.05 2.3+0.1 2.15 Atlantic

6 May 35+16 10+4 0.7340.03 2.0+0.2 1.98 Mediterranean

8 May 38+13 14+6 0.69+0.03 1.84+0.2 1.73 Mediterranean + Regional
9 May 2444 10+6 0.740.1 1.3+0.2 1.37 Atlantic+ Regional

oo(dry, 637 nm) was 0.86 +0.02 and the scattering Angstrom
exponent was 0.6 +0.1, indicating a predominance of coarse
particles. The enhancement of the particle light-scattering
coefficient with RH was very small, with an average
f(RH =85%) of 1.12. Furthermore, sampling losses in the
humidifier system during this day were higher since there
were f(RH) values below 1 at low RH. The shape and
magnitude of the scattering enhancement observed under
SDE conditions in this study was very similar to that
reported by Fierz-Schmidhauser et al. (2010b) for dust
aerosols [f(RH =85%) =1.2]. On 25 April, the air masses
affecting Granada at 500 m a.g.l. were coming from the
Mediterranean basin. The single-scattering albedo observed
was very low with an average value of 0.66 +0.05 at 637 nm.
The high relative contribution of absorbing particles may
explain the low hygroscopic enhancement observed of
f(RH =85%) =1.32. On 9 May, the air mass arriving at
Granada at 500 m a.g.l. came from the Atlantic Ocean and
was advected at very low levels and low speed, suggesting
stagnant conditions, which led to an a(dry, 450—700) value of
1.3+0.2, ®y(dry, 637nm) =0.7+0.1 and f(RH =85%) value
of 1.37. Higher scattering enhancements were observed on
the rest of scans where fine particles predominated [o(dry,
450-700) values around 2]. The air masses at 500m a.g.l.
arrived from the North Atlantic Ocean (8, 9, 10, 29 and 30
April and 2 May) and the Mediterranean Sea (26 April and
6—-8 May). In all these cases, the air masses were travelling at
very low levels in their way to Granada, likely picking up
pollutants. These results connect with those obtained for the
winter campaign where air masses travelling at low levels
experienced a higher scattering enhancement as occurred on
14 February.

3.4. Relationship between f( RH) and other measured
variables

Figure 7 shows the frequency distribution of 1 min
f(RH =85%) values for the winter and spring campaigns.
The f(RH =85%) frequency distributions presented differ-
ent shape in each campaign. In the winter campaign, the
most frequent values were comprised between 1.3 and
1.5 representing 40% of the data. On the contrary, during
the spring campaign, the most frequent values were in
the range 1.4-1.8 comprising around 52% of the data. In
addition, cases of high scattering enhancement were more
frequent during the spring campaign since 27% of the data
had a f(RH =85%) > 1.8 while only 8% of the data were
above 1.8 during the winter campaign.

Observations of f(RH) when a(dry, 450—700) was above
and below 1 (indicating a significant influence of small
or large particles, respectively) and wo(dry, 637 nm) was
above and below 0.6 (less or more absorbing aerosol par-
ticles, respectively), were extracted from the data set and
plotted as frequency distributions in Fig. 7. For both cam-
paigns, the f(RH =85%) frequency distributions for mg(dry,
637nm) <0.6 were shifted towards lower f(RH =85%)
values in comparison with those corresponding to wg(dry,
637nm) >0.6. This means that aerosols containing a
larger fraction of absorbing particles were less hygro-
scopic. During the spring campaign, the f(RH =85%)
frequency distribution for a(dry, 450-700) <1 was shifted
towards lower f(RH =85%) values. This suggests that the
aerosol containing a higher proportion of large particles
was less hygroscopic than the one containing a higher pro-
portion of small particles [a(dry, 450-700) >1] (Fig. 7b).
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This behaviour is connected with the large contribution
of dust particles with low hygroscopicity (Sheridan et al.,
2001; Fierz-Schmidhauser et al., 2010b) to the coarse
mode during the spring campaign. As shown in Fig. 2,
mineral dust, which commonly occurs in the coarse fraction
(Song et al., 2012), contributed around 37% to the total
PM;, mass concentration. During the winter campaign,
the behaviour observed was the opposite; the frequency
distribution of f(RH =85%) for a(dry, 450-700) <1 was
shifted towards higher f(RH =85%) values (Fig. 7a). This
different behaviour between seasons can be connected with
differences in the chemical composition. During winter
time, when fine particles predominated [o(dry, 450—700) > 1]
the fine mode was mainly composed by non-hygroscopic
material such as EC and OC that is thought to suppress or
reduce hygroscopic growth (Carrico et al., 2005), resulting
in a lower hygroscopic enhancement for cases of a(dry,
450-700) > 1 than for cases of a(dry, 450-700) < 1.

In order to better understand the relationship between
f(RH =85%) and other aerosol particle variables, a cross-
correlation of the main in-situ aerosol particle variables and
f(RH =85%) was performed. The scattering enhancement
factor showed no correlation with the extensive parameters
Gsp(dry, 550 nm), Gyep(dry, 550 nm) and c,p(dry, 637 nm). It
was moderately correlated with wy(dry, 637 nm) showing a
R*=0.3 and 0.2 during the winter and spring campaigns,
respectively. The backscatter fraction was negatively cor-
related with f(RH =85%) during the winter campaign
(R*>=0.2), but no correlation was found during the spr-
ing campaign. During the winter campaign, f(RH =85%)
showed no correlation with a(dry, 450-700) although during
the spring campaign it showed a moderate correlation with
R? =0.4. The different correlations obtained for winter and
spring campaigns again suggest differences in the chemical
composition of the coarse and fine modes between cam-

paigns and make very difficult to find a single equation
that might be used to estimate the scattering enhancement
using other optical variables at our site. With regard to the
chemical composition of aerosol particles, some authors
have observed a relationship between the scattering en-
hancement and the chemical composition with special focus
in the organic and inorganic content. In particular, Quinn
et al. (2005) proposed a parameterisation to predict f(RH)
based on the fraction of POM and Garland et al. (2007)
showed that the f(RH =80%) varied linearly with the
organic/inorganic content. In order to explore the relation-
ship between f(RH) and the relative amount of POM and
SOi" mass concentrations, Fig. 8 shows f(RH =85%) versus
the ratio POM/(POM + SOff) in the PM | fraction. For this
analysis, f(RH =85%) values have been averaged over the
sampling interval of the filters (24 h starting at 7 GMT).
A substantial decreasing trend of f(RH) for increasing
POM mass fraction was found with R*=0.78 (excluding
the sample collected during the SDE). In spite of the limi-
ted number of samples, it seems that there is a signi-
ficant relationship between the relative content of POM
and the magnitude of f(RH). In this sense, based on three
measurement campaigns performed in India, Asia and the
Northeastern United States, Quinn et al. (2005) found out
that aged aerosol particles presented a higher hygroscopicity
and lower POM contribution than fresh aerosols connected
with the degree of oxidation. A recent publication by Zieger
et al. (2014) showed that the magnitude of f(RH) was clearly
correlated with the inorganic mass fraction and pointed out
that the chemical composition is the main factor determining
the magnitude of the scattering enhancement. In this sense,
an effort should be done in order to better constrain the
factors affecting f(RH) at different environments as sug-
gested by Titos et al. (2014a).
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Fig. 8.  Scattering enhancement factor at 85% relative humidity The ambient RH in Granada was very low during the

versus the ratio POM/(POM+SO§’) for the winter and spring
campaigns. The linear fit refers to dust-free conditions.

3.5. Implication for climatic relevant variables

Since the particle light-scattering coefficient changes with
RH, other derived variables such as the single-scattering
albedo or the backscatter fraction are also expected to
change, being also the aerosol radiative forcing dependent
on RH. Thus, to quantify the direct effect of aerosol
particles in the energy budget, it is necessary to transform
the dry measurements to ambient conditions. The ambient
RH (a), the single-scattering albedo (b), the backscatter
fraction (c) and the aerosol forcing efficiency (d) at ambient

spring campaign, with a daily average campaign value
of 53%. Due to this low ambient RH, differences between
dry and ambient optical properties were also very low. The
single-scattering albedo changed from a mean campaign
value of 0.75 at dry conditions to 0.77 at ambient conditions.
The mean campaign backscatter fraction at dry and at
ambient conditions was 0.15 and 0.13, respectively. These
small differences led to negligible differences in the calcu-
lated aerosol forcing efficiency, which was on average
—13W m 2, both at dry and ambient conditions. During
time periods characterised by a higher ambient RH, it can be
observed that the aerosol forcing efficiency was higher at
ambient RH compared to dry conditions. An important fact
is that the forcing efficiency can change from positive to

a) Spring Campaign
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Fig. 9. Time series of daily a) Ambient relative humidity, b) single-scattering albedo at 550 nm, c¢) backscatter fraction at 550 nm and d)
aerosol forcing efficiency at 550 nm measured with the reference nephelometer and calculated to ambient RH conditions and to RH =85%
during the spring campaign.
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negative due to the effect of RH, as occurred on 4 and 5
April. At 85% RH, the effect of water uptake by aerosols is
of substantial importance, with an average aerosol forcing
efficiency at 85% RH of —17W m~2. During the study
period, the impact of ambient RH in the aerosol particle
optical properties was very small. However, for periods of
elevated RH, it is necessary to quantify the effect that
ambient RH may has in the measured dry aerosol optical
properties in order to obtain an appropriate estimation of
the radiative forcing by aerosols.

4. Conclusions

Two measurement campaigns were conducted in Granada
during the winter and spring seasons to study the aerosol
particle scattering enhancement due to water uptake. A
custom-built humidifier system was successfully tested in the
laboratory and installed in the IISTA-CEAMA station for
ambient measurements. For the winter and spring cam-
paigns, mean f(RH =85%) were 1.54+0.2 and 1.6+0.3,
respectively. SDE was characterised by a predominance of
large particles [low a(dry, 450—700) values] with low hygro-
scopicity. All the variables analysed presented a diurnal
pattern. The two f(RH =85%) minima were connected to
the relative increase of the non-hygroscopic fraction (such
as black carbon and road dust) due to traffic emissions as
indicated by a decrease in a(dry, 450—700) and w(dry,
637 nm) during the traffic rush hours. For both campaigns,
aerosols containing a larger fraction of absorbing particles
were less hygroscopic. However, concerning particles’ mean
size, the behaviour in the winter and the spring campaigns
was the opposite: coarse particles were more hygroscopic in
the winter than in the spring campaign, which suggests that
the chemical composition of the coarse mode during both
campaigns was different. In spring, the coarse mode would
be probably composed by dust particles that show a low
hygroscopicity while during the winter campaign the con-
tribution of mineral matter was much lower, showing a
higher hygroscopicity. In spite of the apparent relationship
observed between f(RH =85%) and a(dry, 450-700) and
wo(dry, 637nm), these variables showed no substantial
correlation with f(RH =85%). In terms of the chemical
composition, a decreasing trend of f(RH =85%) for increas-
ing the mass fraction of POM was found with a R* =0.78.
However, due to the limited number of samples, this last
result needs to be confirmed with a longer data series. In
order to quantify the impact of the RH in the ambient optical
properties, measurements taken at low RH <50% were
transformed to ambient RH using the two-fit parameter
equation and the mean y parameter for each campaign
(winter campaign: y =0.27 and spring campaign: y =0.40).
Due to the ambient conditions in the experimental site,
characterised by low RH values, the effect of the RH in the

single-scattering albedo, the backscatter fraction and, hence,
the radiative forcing efficiency was almost negligible. At
RH =85%, the radiative forcing efficiency changed from
—13W m ™2 at dry conditions to —17 W m ~2. Thus, for
situations of elevated RH, this effect should be taken into
account in order to report an accurate estimation of the
radiative effect of acrosols.
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