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Volcanic pollutants emitted during the Grimsvétn volcano eruption in Iceland on 21 May 2011 were unexpectedly captured
from 24 until 29 May 2011 at the Institute of Physics, Vilnius. Measurements were performed using an Aerodyne quadrupole
aerosol mass spectrometer. This paper aims to address the question whether the extent of neutralization is dependent on the aero-
sol particle size in submicron range particles (PM1). Data from two episodes of volcanic pollutants in advected air masses were
chosen for examination. The first episode lasted from 0700 to 1400 UTC 25 May and the second episode lasted from 0400 until
1100 UTC 26 May. It was observed that the extent of acidic sulfate particle neutralization with atmospheric ammonia depends on
the aerosol particle size. The extent of neutralization decreased when the particle aerodynamic diameter increased. Particles with
an aerodynamic diameter of few tenths of nanometres tended to be fully neutralized and those with a consecutively increasing
diameter of up to 1 ym were only partially neutralized. The assessment of ambient ammonia flux onto the adjacent aerosol particle
surface was performed. It was shown that the flux of ammonia can vary approximately from 30 to 74 yg m=h".
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1. Introduction

Atmospheric aerosol particles exist as primary ones
emitted from the source or secondary ones formed by
nucleation, coagulation or gas-to-particle homogeneous
or heterogeneous processes. Volcanic eruption favours
secondary acidic aerosol formation after a large amount
of sulfur dioxide is being released to the atmosphere
during eruption. Volcanoes are one of the largest sulfur
dioxide sources in the North Atlantic region releasing
~0.9 Tg yr of sulfuric dioxide [ﬂ]. After sulfur diox-
ide is oxidized with OH, sulfuric acid is produced [ﬂ].
Particulate and gaseous volcanic emission can cause
air traffic disarray (e. g. Eyjafjallajokull eruption 2010,
Grimsvotn eruption 2011) and adverse effects on en-
vironment and human well-being (hazard to aircrafts,
reduction of visibility). The major impact on air traffic
takes effect within 24 hours and up to 1000 km distance
from the eruption site [E], but volcanic material traces
are observed even up to 100 hours and a few thousand
kilometers away from the eruption site [E].
Perturbation of local gases and particles budget due
to volcanic emission is observed farther than 3000 km
[B]. Characterization and identification of volcanic
origin particles are still an issue due to their ability to
be mixed with pollutants present in the lower and up-
per atmosphere. After the eruption volcanic particu-

late and gaseous emissions, e. g. sulfuric dioxide, in-
stantly interact with atmospheric water and eventually
form acidic aerosol particles. This process is followed
by the acidic sulfate particle neutralization with ambi-
ent ammonia in the atmosphere. The major sources of
ammonia are agricultural activities including livestock
and fertilization of soil with ammonium containing
compounds. Other sources of ammonia are the follow-
ing: soil and ocean evaporation, industry processes and
emission from transport [E]. Consequently, whether
a fully neutralized or highly acidic sulfate particle is
captured at the measurement site depends on the avail-
able amount of ammonia in the atmosphere while
the particle is advected. The main agent of neutraliza-
tion for acidic sulfate particles is ammonia. The excess
of present ammonia takes part in the neutralization
of organic acidic particles in the atmosphere [E], nev-
ertheless it is also found that the presence of organic
gases reduces the rate of ammonia uptake and the am-
bient acidic particles may longer remain in the acidic
state than previously expected [[L(]]. However, ammo-
nia concentrations are higher in the troposphere rather
than in the boundary layer [].

In a broader context, the extent of neutralization
of acidic sulfuric particles is important for estimating
radiative forcing [@] that comprises a few parameters,
two of which we would like to mention: ice cloud



43 J. Sakalys et al. / Lith. ]. Phys. 56, 42-48 (2016)

condensation nuclei [] and scattering of solar radia-
tion which generally results in atmospheric cooling [] .
Ice cloud condensation is favoured by the products of
partial neutralization of acidic sulfate with ammonia:
solid ammonium sulfate (NH,),SO, (ammonium to
sulfate molar ratio 2), ammonium bisulfate NH HSO,
(ammonium to sulfate molar ratio 1.5), letovicite
(NH,),H(SO,), (ammonium to sulfate molar ratio 1).
The model presented in [11] suggests that usually
neutralization of aerosols that originated in Europe is
f=0.75 (f= [NH;]/[2SO; ]+[NO;] in molar units, ni-
trate is almost neglected due to its low concentration)
at elevation of 2 km. In the study [@] it is demonstrat-
ed that partial neutralization depended on the particle
size and was more significant than any other nanosize
effect for hydroscopic growth of dry particles as small
as 5.5 nm at the highest relative humidity (80%). Fur-
thermore, it was confirmed [] that at a fixed relative
humidity hygroscopic growth deteriorated as the parti-
cle diameter decreased owing to a greater extent of neu-
tralization. An interesting observation by [@] suggests
that particles of 10 nm diameter contain only ~20-30%
of sulfate, therefore it gives a strong support for the con-
clusion that the neutralization extent strongly depends
on the particle size. In addition, the same study of []
confirmed that the extent of neutralization of sulfate
plays a key role in nucleation mechanisms in the at-
mosphere. In study [] it was observed that the rate
of ammonia (gas)-sulfuric acid (aerosol) chemical re-
action during the neutralization was 2-fold lower for
100 nm diameter particles and was equal to 0.18+0.03
whereas that for 58 nm diameter particles was equal
to 0.40+0.10. Other studies were also consistent with
the conclusion that reaction rates decrease along with
an increase of neutralization in low relative humidity.

In this study we aim to address the question wheth-
er neutralization of acidic sulfuric particles depends on
the particle size in the range from a few tenths of nano-
metres to 1 ym and to estimate the ammonia flux onto
acidic sulfate particles. The chosen episode of volcanic
origin particles is favourable for the assessment due to
the trajectory of advected air masses which allows us to
have pure volcanic origin material.

Additional analysis of the Grimsvotn volcano
eruption data (24-29 May 2011) presented earlier in
our paper [ﬂ] has shown that Episode 1 (25 May 2011)
enables us to evaluate the mode of ammonia depo-
sition onto volcanic aerosol particles, the extent of
acidic sulfate neutralization with ammonia related to
the particle size as well as provides a rough estimation
of the ammonia flux onto the particle surface. In our
previous paper these problems were not considered,
thus we aim to address these questions and provide
conclusions in the present paper.

2. Experiments and methods

The sampling site was located at the Institute of Phys-
ics in the vicinity of Vilnius (54°38' N; 24°11' E), about
10 km west of the city centre. The distance between
the sampling site and the emission source at Grimsvétn
in Iceland is around 3000 km. After the eruption of
the volcano the measurement period of 25-26 May
2011 (in this paper) was selected for data analysis [ﬁ].

The concentration and chemical composition of
PM1 were determined with an Aerodyne quadrupole
aerosol mass spectrometer (Q-AMS). The Q-AMS
provides the real-time chemical composition and mass
size distribution of non-refractory chemical compo-
nents (sulfate SO;", ammonium NH}, nitrate NO;
and organics) present in ambient atmospheric aerosol
particles at a temporal resolution of 5 min. A detailed
description of the AMS, its operation and calibration
are given in several studies [] and in our publica-
tions [E, ﬁ, @, ].

During the 25-26 May 2011 period forward and
backward trajectories were calculated for the sites
(Grimsvotn and Vilnius) using the National Oce-
anic and Atmospheric Administration (NOAA) Hy-
brid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model [@‘]g. Forward and backward tra-
jectories were analyzed at various arrival heights above
the ground level (AGL).

The Monte-Carlo method was applied in order to
evaluate the standard geometrical deviation of the me-
dian diameter values. The Monte-Carlo method is
a probabilistic computational algorithm. Random num-
bers are generated in order to obtain a new sequence of
lognormal distribution which has the same descriptive
values as the experimentally obtained lognormal distri-
bution. The main idea of the method is that the simu-
lated system has the same descriptive values (i. e. aver-
age value, standard geometrical deviation) as the system
with randomly obtained values [@].

3. Results and discussion

The time series of hourly averaged concentrations
of sulfate SO}~ and ammonium NH; during the 25—
26 May 2011 period are presented in Fig. . Two con-
centration episodes were selected for an additional
analysis: 0700-1400 UTC 25 May (Episode 1) and
0400-1100 UTC 26 May (Episode 2).

During Episode 1 the air masses trajectory passed at
relatively high altitudes avoiding the polluted industrial
regions of Europe (see Fig. B(a)). Figure @(a) indicates
that the air masses containing the volcanic pollutants
descended to the surface from 3000-4000 m of tropo-
sphere. The dispersion of the plume (Episode 1) was
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Fig. 1. Time series of hourly averaged concentrations of
sulfate SO~ and ammonium NH; during the periods
0700-1400 UTC 25 May (Episode 1) and 0400-1100
UTC 26 May (Episode 2).

very small over the Atlantic Ocean and we observed an
increase of the sulfate and ammonium concentration.
During Episode 2 the air masses trajectory passed at
considerably lower altitudes and resulted in a mix of
volcanic pollutants with previous volcanic emissions
and pollutants of anthropogenic origin (see Fig. @(b)).
The trajectory of air masses over the regions of Ireland,
UK and Northern Germany has passed over at rela-
tively low altitudes. The higher altitude trajectory indi-
cates air masses which arrived with pollutants emitted
from the volcano on May 23, 1800 H. These two epi-
sodes allow us to compare and evaluate neutralization
peculiarities of acidic sulfate particles with ammonia.
Volcanoes emit a variety of gases and particles.
Acidic sulfate aerosols are formed as a result of ho-
mogeneous and heterogeneous chemical reactions of

Forward trajectories starting at 2000 UTC 21 May 11
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sulfur dioxide in the atmosphere [@, @], Ammonia
compounds interact with acidic sulfate aerosols in
the atmosphere. The size-resolved distribution spec-
tra of NH} and SO} molar concentrations during
Episodes 1 and 2 are presented in Fig. H In both cases
the distribution of concentrations is lognormal.

The Monte-Carlo method is applied in order to ob-
tain a standard geometrical deviation of the median
diameter. It is done in order to evaluate steadiness of
the obtained distribution spectra of NH; and SO?-mo-
lar concentrations during Episodes 1 and 2 (Fig. E).
Random numerical values of the new lognormal dis-
tribution corresponding to the average values and
standard deviations of distribution spectra presented
in Fig. E are generated. The obtained new lognormal
distribution yields new median values. The procedure
is repeated 36 times. The obtained median values allow
us to evaluate the standard geometrical deviation values
of the simulated system. According to the calculated
values of particle median diameters and their standard
geometrical deviations, the extent of neutralization on
the particle size of NH" and SO?" is calculated (Fig. H).
One can see that in the aerosol particles with a diameter
below 100 nm the acidic sulfates are fully neutralized
with ammonia (ratio is 1), however, for larger particles
the neutralization extent is declining. In other words,
to neutralize one mole of SO} two moles of NH, are
needed. The neutralization extent of (NH 4)sz2(1.x)SO )
acidic sulfate particles (where the neutralization
extent X = M, +/2Mg,2- x 100%, My, + is the mo-
lar concentration of NH; and Mgz is the molar

Backward trajectories ending at 0700 UTC 26 May 11
GDAS meteorological data
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Fig. 2. Forward and backward trajectories of air masses during Episodes 1 (a) and 2 (b).
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Fig. 3. Size-resolved distribution spectra of sulfate and ammonium molar concentrations during Episodes 1 and 2.

concentration of SO*") related to the aerosol particle
size is depicted in Fig. 4.

During Episode 2 (Fig. E]) the peaks of sulfate and
ammonium are not as sharp as during Episode 1 and
this is related with the very first eruption hours when
emitted pollutants were relatively at high altitudes of
the troposphere and reached the measurement site
without any contact with industrial regions. The emit-
ted pollutants (Episode 2) later got mixed with earlier
emitted pollutants from the volcano and low altitude
air masses contacted with the polluted air above indus-
trial regions of Ireland, UK, and northern Germany.

The data analysis of Episode 1 provides a rough es-
timation of the ammonia flux onto the aerosol parti-
cle surface. The lognormal distribution of the aerosol
particle number according to their size is related with
the volumetric and surface area distribution
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Fig. 4. Extent of acidic sulfate neutralization with am-
monia related to the aerosol particle size during Epi-
sodes 1 and 2.

where D_ is the volumetric median diameter distri-
bution, D_is the surface area median diameter distri-
bution, and Ino is the geometrical standard deviation.
Thus,
— In’c — —In’c
D ,=D_ e orD =D e". (2)

mV mV

The lognormal distribution of the median diameter
magnitude and its error estimation were performed
by applying the Monte-Carlo method.

The median diameter value of lognormal distri-
bution of ammonium and sulfate concentrations in
aerosol particles and values obtained using Eq. (2)
are presented in Table 1. It is seen that during Epi-
sode 1 the corrected median diameter value of am-
monium-containing particles (within the limits of
error) very well coincides with the median diameter
value of sulfate-containing particles (381.0+4.6 and
379.6+1.2 nm) and, on the contrary, the corrected
median diameter value of sulfate-containing particles
(within the limits of error) is consistent with the me-
dian diameter value of ammonium-containing parti-
cles (346.7+1.3 and 349.0+3.4 nm). This indicates that
NH; and SO;" particles are of the same origin, having
the same lognormal distribution diameter number, and
that ammonia is deposited on the surface area of aero-
sol particles containing sulfates during transfer with
the air masses to the measurement site. In Episode 2
the abovementioned coincidence is not observed be-
cause air masses from this episode were mixed with
older air masses.

A rough estimation of the ammonia flux onto
the aerosol particle surface has been made using
the data of Episode 1. During this episode the aver-
age NH," concentration was 0.83 ug m™ and that of
SO; was 6.02 ug m™. The influence of nitrates was
neglected due to the low mass (0.5%) compared with



46 J. Sakalys et al. / Lith. J. Phys. 56, 42-48 (2016)

Table 1. The median diameter value of lognormal distri-
bution of NH; and SO}~ concentrations and their stand-
ard deviations during Episodes 1 and 2.
NH;
In
Dm, nm D¢

SO

2

NH* —lnzrfsoz,
‘,om D ,nm D¢

4 nm

Episode 1
381.0+4.6 379.6£1.2
Episode 2
404.8+4.2 385.3+1.4

349.0+3.4 346.7+1.3

364.3+3.1 343.9+1.5

the mass of all chemical components. The mass of el-
emental carbon (EC) made up 20% of the organic car-
bon mass (OC) []. Based on literature data [@]
it has been accepted that the density of ammonium is
1.75 g cm™, that of sulfate is 1.78 g cm™, the density
of organics is 1.5 g cm™, the density of elemental car-
bonis 1.77 g cm™ [@] and that of water is 1.0 g cm™.
The water mass was calculated after evaluation of
the aerosol particle growing factor due to humidity.
When the humidity is close to 50-60% and the tem-
perature isabout 12-15 °C, the aerosol particle growth
factor, based on literature data, is from 1.2 to 1.5 [@].
Using the above data, the resultant aerosol particle
densities were evaluated:

n
Z mi (Dva)
p(Dy, )= )
" zn: mi (Dva)
izt Poi
Here m (D, ) is the mass of the aerosol particle chemi-
cal component i with the vacuum aerodynamic dia-
meter D_, and p,, is the density of the chemical com-
ponent i.
Based on the calculated densities the diameters of
aerosol particles were corrected:

Dva' (4)

Po
D =
p(D,,)

Here p, is the water density.
dmi(D )

va

Values from Q-AMS, dlogD.
based on the corrected diameters:

were calculated

dm,(D) 1 dm(D,) AlnD,, 5)
dinD ~In(10) dlogD,, AlnD

Aerosol particle masses were defined by

m(D)= %p(D)EDB. (6)

The size resolved particle number distribution was
calculated considering their diameter:
dinD m (D) - dinD

The particle surface area is equal to s = 7D? then

dS :77,'D2 dn . (8)
dlnD dlnD
The whole particle surface area in the mode is
equal to
" ods
§=[——=—dD. )
5 DdlnD
1

By dividing the NH amount in the mode m__to
the surface area S of all particles in the mode and into
time T during which aerosol particles were transport-
ed with air masses to the measurement point, we ob-
tain the value of NH flux to the particle surface area:

dm  m,, i

dSdt ST pyy,

(yNH3 is moles of ammonia,

e is moles of ammonium). (10)

The duration of aerosol particles being advected
with the air masses to the measurement point was
86+4 hours. According to these data the NH; flux to
the particle surface area has been evaluated to be from
30 to 55 ug m2h' (if we assume that particles were dry
all the time, the flux would be 74 yg m=h™'). The above
presented average values are approximate because
the meteorological conditions during the transport of
air masses were unknown. Probably the highest flux was
when aerosol particles were transported at the lowest at-
mospheric height. Thus, in this case the flux value would
be higher. The expected time of life for aerosol particles
in the atmosphere with the diameter below 1 ym is on
the average 7 days [Q]. This implies that the neutraliza-
tion of volcanic origin acidic sulfate particles with am-
monia is partial and that the acidic particles of volcanic
origin favour the formation of acidic precipitation.

4. Conclusions

Acidic sulfates on volcanic origin aerosol particles can
be fully neutralized with atmospheric ammonia when
their size is of about tenths of nanometres, whereas
larger particles have a lower extent of neutralization.
Therefore, the neutralization of acidic sulfates with am-
monia in the volcanic origin aerosol particles can be
estimated only based on the size of aerosol particles.
The volcanic origin aerosol particles favour the forma-
tion of acidic precipitation.
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The atmospheric ammonia flux to the aerosol par-
ticle surface area, depending on meteorological condi-
tions, can vary approximately from 30 to 74 yg m=h".
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VULKANINES KILMES RUGSTINIU SULFATU NEUTRALIZACIJA AMONIAKU
AEROZOLIO DALELESE

J. Sakalys, E. Meinoreé, K. Kvietkus

Valstybinis moksliniy tyrimy institutas Fiziniy ir technologijos moksly centras, Vilnius, Lietuva

Santrauka

Matavimai buvo atlikti Vilniuje, Fiziniy ir technolo-
gijos moksly centro Fizikos institute. Duomeny analizei
buvo pasirinkti du epizodai 2011 m. geguzés mén. 25-
26 d., kai oro masés | matavimo vietg atne$é isiverzusio
Grimsvotn vulkano iSmestus tersalus. Submikroninés
aerozolio daleliy (PM1) frakcijos cheminé sudétis ir che-
miniy komponenciy koncentracijos pasiskirstymas pagal
aerozolio daleliy dydj buvo nustatyti AERODYNE kva-
drupoliniu aerozolio masés spektrometru (Q-AMS). Re-
miantis eksperimento duomenimis, buvo jvertintas rigs-
tiniy sulfaty neutralizacijos amoniaku laipsnis. Pirmojo
epizodo metu mazesnése nei 100 nm aerozolio dalelése
rigstiniai sulfatai visi$kai neutralizuoti amoniaku, o kuo

dalelés didesnés, tuo neutralizacijos laipsnis mazesnis.
Antrojo epizodo metu vaizdas ne toks ryskus, nes su oro
masémis buvo atnesti susimai$e pirmosiomis ir vélesné-
mis valandomis i$mesti ter$alai. Pirmojo epizodo amonio
ir sulfaty koncentracijos aerozolio dalelése logaritminio
normalinio pasiskirstymo pagal jy dydj analizé parodé,
kad atmosferoje esantis amoniakas pateko ant ragstiniy
sulfaty turindiy daleliy pavir$iaus pakeliui su oro masé-
mis joms keliaujant iki matavimy vietos. Sio epizodo duo-
menys leidZia jvertinti amoniako srautg j aerozolio dale-
liy pavirsiy. Vidutinis amoniako srautas j daleliy pavirsiy
buvo 30-74 ug m h'. Sias vidutines vertes reikéty
vertinti atsargiai, nes meteorologinés salygos, lydéjusios
ateinancias oro mases, nebuvo zinomos.
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