
ISSN 0010-9525, Cosmic Research, 2021, Vol. 59, No. 2, pp. 89–95. © The Author(s), 2021. This article is an open access publication, corrected publication 2021.
Russian Text © The Author(s), 2021, published in Kosmicheskie Issledovaniya, 2021, Vol. 59, No. 2, pp. 111–117.
Postvolcanic Aerosols: Measurements of Altitude and Particle Sizes 
with Twilight-Sky Polarimetry

O. S. Ugolnikova, * and I. A. Maslova, **
aSpace Research Institute, Russian Academy of Sciences, Moscow, 117997 Russia

*e-mail: ougolnikov@gmail.com
**e-mail: imaslov@iki.rssi.ru

Received February 28, 2020; revised April 12, 2020; accepted May 29, 2020

Abstract—The intensity and polarization of the twilight-sky background were measured during the epoch of
“purple lights” after the Raikoke volcanic eruption in the summer of 2019. The increase in brightness paired
with the decrease in polarization was registered, and the changes were especially noticeable in the dusk seg-
ment. The altitude distribution of aerosol particles and their mean size were found with previously developed
techniques. The median radius of the lognormal distribution (0.11 μm) is typical of the background condi-
tions or weak eruptions; however, the aerosols were mostly concentrated in the upper troposphere and near
the tropopause rather than in the stratosphere. From comparison with satellite data obtained almost a decade
ago after similar eruptions (like those of the Kasatochi volcano and others), it has been shown that the prop-
erties of their aerosols are similar, which confirms that the purple light phenomenon observed in 2019 was of
volcanic origin.
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1. INTRODUCTION

Stratospheric aerosol has been in the focus of
experimental and theoretical studies since its discov-
ery [1]. According to balloon measurements, the
stratospheric aerosol differs from water in chemical
composition; consequently, it appears at temperature
and pressure values that do not allow water vapor to be
crystallized [2]. Sulfate particles may be produced
from SO2 of volcanic origin if the latter reaches the
stratosphere (the chemical processes are described in
paper [3]). This explains the enhancement in the con-
centration and the size of particles after strong erup-
tions, such as those of the El Chichón and Pinatubo
volcanos in 1982 and 1991, respectively [4].

The scattering of solar light by aerosol particles
induces optical phenomena that can be observed at
twilight, when the stratosphere is still illuminated by
the Sun, while the troposphere has been already cov-
ered by the Earth’s shadow. The “purple light” effect
was observed after the Krakatau volcanic eruption in
1883 [5], long before a direct discovery of aerosol
particles in the stratosphere. The light scattering of
particles is described by the Mie theory, and it exhib-
its no excess in the red spectral range if the particles
are smaller than 0.3 μm in size. The dusk becomes
purple due to the absorption of solar radiation in the
Chappuis ozone bands (in the yellow–green range)
and the Rayleigh extinction (mainly in the violet–
blue range).

However, during volcanically quiescent epochs,
the aerosol concentration does not completely vanish.
Background aerosol particles have been directly ana-
lyzed in balloon experiments [6]. Their chemical com-
position is the same as that of postvolcanic aerosols,
they appear at an altitude of approximately 20 km, and
their mean radius is about 0.1 μm. At the same time,
the postvolcanic aerosol is observed slightly lower
(except the cases of strong eruptions); and its particles
are larger after strong eruptions [7]. The effect of pur-
ple lights was also observed during the volcanically
quiescent periods [8].

Nonvolcanic sulfate aerosol particles may originate
from carbonyl sulfide (OCS) [9]. Due to a higher
threshold of dissociation and oxidation, OCS requires
a larger solar radiation f lux in the UV range to produce
sulfate particles, which explains the altitude difference
between the background and volcanic aerosols [10].
No noticeable trends in the background aerosol
amount have been revealed from the balloon measure-
ments performed for several decades [6]; however, its
vertical optical thickness started to increase in the
2000s, after the eruption products of the Pinatubo
volcano had been already removed from the strato-
sphere [11]. This phenomenon was considered to be
possibly anthropogenic [12], since the OCS concen-
tration in the atmosphere increased relative to that in
the preindustrial epoch [13]. However, the growth of
the aerosol amount could also be connected with the
moderate volcano eruptions in the 2000s [14]. Volcano
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eruptions in the tropics (such as those of the Rabaul
and Nabro volcanos in 2006 and 2011, respectively)
may induce a global effect due to the Brewer–Dobson
circulation. In the case of the Nabro volcano, the
plume could reach the stratosphere due to the mon-
soon transport [15]. Volcano eruptions in the North-
ern Hemisphere (such as those of the Kasatochi, Sary-
chev Peak, and Eyjafjallajökull volcanos in 2008, 2009,
and 2010, respectively) produce a noticeable effect at
high northern latitudes. Since the tropopause is sub-
stantially lower there than in the tropics (11–12 km), a
moderate eruption may introduce a substantial
amount of sulfur dioxide into the stratosphere.

The issue of the causes of growth in the strato-
spheric aerosol level in the first decade of the 21st cen-
tury was to be solved during the next decade, which
turned out to be quieter as regards volcanic activity.
Some decrease in the vertical optical thickness of the
aerosol was observed even in the early 2010s [16, 17].
Polarization measurements of the twilight-sky back-
ground revealed the negative trend in the optical
thickness lasting for 8 years, which actually confirmed
the volcanic nature of the changes that occurred in the
2000s [18].

On June 21, 2019, the eruption of the Raikoke vol-
cano (48.3° N, 153.3° E) on the Kuril Islands (Russia)
produced a stratospheric effect that was the strongest
in the Northern Hemisphere after the Nabro eruption
in 2011. According to the data of the Global Volcanism
Program [19], the plume reached altitudes of about
13 km. The tropopause altitude above the volcano
amounted to 12 km, as was estimated from the tem-
perature data of the Microwave Limb Sounder (MLS)
onboard the Earth Observing System (EOS) Aura sat-
ellite [20]. In the late summer and the fall of 2019, after
the SO2 cloud had spread over the Northern Hemi-
sphere, the effects of purple lights were observed. To
confirm their volcanic origin, the altitudes and parti-
cle sizes of the aerosol should be measured and com-
pared to the corresponding quantities in the epochs of
similar eruptions of such volcanos as Kasatochi and
Sarychev Peak. In this paper, we perform this compar-
ison on the basis of the analysis of the sky background
polarization and the technique developed for studying
the stratospheric aerosol [18].

2. OBSERVATIONS
The intensity and polarization of the twilight-sky

background were measured with a wide-angle polar-
ization camera, which was placed in Moscow oblast
(55.2° N, 37.5° E). The camera was described in
papers [21, 22]. The camera’s field of view is 140°, and
the observational conditions restrict the zenith angle
of the considered points of the solar vertical circle ζ by
a range of ±50°. The observations are carried out in the
spectral band with an effective wavelength of 540 nm
and a full width at half maximum (FWHM) of 90 nm.
The camera is switched on before sunset, and it con-
tinues working till morning. The exact position of the
camera, the field curvature, and the atmosphere trans-
parency are controlled by the positions of stars in the
images of the night sky.

In the summer of 2019, the weather conditions
were bad, which restricted the number of observations.
This paper is based on the analysis of the moonless
morning twilights observed on September 10 and 12,
2019, and their comparison to the analogous morning
data obtained in the fall of 2018.

Figure 1 shows the light-scattering geometry
during the twilight. In the dawn segment, the sky may
be brighter for two reasons. First, the height of the
Earth’s shadow is smaller there, while the denser
atmospheric layers are illuminated by the Sun for a
longer period. The difference in the effective height of
the shadow increases during the dark twilight, and this
factor mostly influences the phenomena in the upper
atmospheric layers, like that of noctilucent clouds
[23–25]. Second, the prevailing direction of the light
scattering by aerosol particles is that under small
angles to the incoming radiation, which strengthens
the glow in the dawn segment. Both effects are quite
noticeable in the diagram for the ratio of the values of
the sky-background intensity at symmetric points of
the solar vertical circle I(ζ)/I(−ζ) versus solar zenith
angle z. Figure 2 shows these dependences for the vol-
canically clear stratosphere in 2018 and the strato-
sphere in the period of purple lights in 2019 (solid
curves). The brightness is asymmetric for dark twilight
in the both cases (the right part of the diagram), while
the aerosol effect (the left part of the diagram) reveals
itself in 2019.

The effects of scattering by aerosols are also notice-
able in the diagram of the sky background polarization
versus the solar zenith angle, which is shown in Fig. 3
for the zenith case (ζ = 0°). During the transparent
clear-sky twilight, the stratospheric aerosol back-
ground is characterized by high polarization that
reaches 0.8. In the fall of 2019, the polarization is sub-
stantially lower during a whole twilight period, includ-
ing a dark phase, when the troposphere and strato-
sphere are immersed in the Earth’s shadow. As we will
see below, this is connected with the multiple scatter-
ing of light, in particular, by stratospheric aerosol par-
ticles. A total effect of the scattering by aerosols dimin-
ishes the polarization of the sky background at sunrise
to approximately 0.5 at the zenith.

In this paper, the properties of the aerosol that
cause the effect of purple lights are retrieved by the
method developed for variable sizes of particles [18].
The method is based on the numerical integration of
the single scattering and the use of empiric properties
of the multiple scattering. The results may show how
strongly the aerosol origin may be connected with the
Raikoke volcanic eruption.
COSMIC RESEARCH  Vol. 59  No. 2  2021
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Fig. 1. Light-scattering geometry during twilight.
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Fig. 2. Logarithm of the ratio of the intensity values at symmetric points of the solar vertical circle (ζ = 45°) for the whole sky
background (I, solid curves), the case without single scattering by the aerosol (IC, dashed curves), and multiple scattering (jM,
dotted curves) during twilight in the fall of 2018 and 2019.
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3. RETRIEVING THE AEROSOL PROPERTIES

A procedure for retrieving the properties of the
aerosol component resembles that described and used
in a paper [18]. Let I(ζ, z) and P(ζ, z) be the measured
values of intensity and polarization (the first compo-
nent of the Stokes vector and the second one normal-
ized) of the sky background, where z is the solar zenith
angle and ζ is the zenith angle of a point at the solar
vertical circle, with ζ being positive in the dawn
domain and negative in the opposite part of the sky
(see Fig. 1). For the same values of z and ζ, the theo-
retical values for the intensity of single scattering by
molecules (the Rayleigh component) and aerosols are
designated as J0R(ζ, z, Ai) and J0A(ζ, z, r0, Ai), respec-
COSMIC RESEARCH  Vol. 59  No. 2  2021
tively. Here, the size distribution of aerosol particles is
assumed to be lognormal with median radius r0 and
distribution width σ = 1.6 [4, 26–28]:

(1)

Parameters Ai are the ratios of the extinction coef-
ficients of aerosols and molecules at altitudes hi. These
altitudes are defined on the 5-km grid and equal to 5,
10, …, 60 km. Since the aerosol diminishes the solar
radiation before the scattering, the molecular scatter-
ing intensity J0R also depends on parameters Ai. The
polarization values for the molecular and aerosol scat-
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Fig. 3. Polarization degree at zenith for the whole sky background (P, solid curves), the case without the single scattering by aero-
sols (PC, dashed curves), and the multiple scattering (qM, dotted curves) during twilight in the fall of 2018 and 2019.
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tering p0(z−ζ) and pA(z−ζ, r) are defined by the
Rayleigh and Mie theories, respectively. The single
scattering occurs at an angle of z − ζ, and the influ-
ence of refraction on this value is negligible (however,
the refraction is important for calculating the trajecto-
ries of the radiation propagation). The refractive index
of a sulfate particle is assumed to be 1.44 [29].

The single-scattering field for each of the observa-
tional dates was calculated in theory by taking into
account the molecular and aerosol scattering, the
refraction, and the ozone absorption in the Chappuis
bands. For this purpose, the EOS Aura/MLS profiles
of the temperature and the ozone concentration were
used [20, 30]. The intensity values for the Rayleigh
and aerosol single scattering determined in observa-
tions are

(2)

The values of parameters K1 and K2 are initially
unknown. They are influenced by the sensitivity and
the f lat field of the camera and possible uncertainties
in the atmospheric transparency measured by the star
images in the night sky frames. By subtracting this
field from the measured sky background, we derive the
intensity and polarization of the multiple-scattering
component:

(3)

One empirical property of the multiple scattering,
which was determined from the dark twilight observa-
tions [21, 22, 31, 32], is the similarity of the intensity
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and polarization gradients at symmetric points of the
solar vertical circle:

(4)

Following paper [18], we use this property as a cri-
terion for the procedure of searching for the values of
r0, Ai, K1, and K2 with the least-squares method:

(5)

The problem is solved with a multistep iteration
routine: during each of the rounds, the K1 and K2 val-
ues are first determined from the data obtained during
dark twilight, when the single-scattering contribution
of aerosols is small (96° < z < 99°). After that, all of the
other unknown quantities may be found. To fix the
scattering by aerosols near the tropopause, it is neces-
sary to consider the lower 5-km layer, which corre-
sponds to parameter A1, and to widen the zenith angle
interval to the values in a range of 86° < z < 98° (in
paper [18], the lower layer was 10 km in height and the
zenith angles of the Sun ranged from 90° to 98°).

At the first stage, the model with a constant median
radius of particles r0 is used. Table 1 (left column)
shows the values of r0 for autumn twilights in 2018 and
2019. They are close to 0.1 μm, which agrees with the
median radius of particles measured in balloon exper-
iments [4, 6] and the estimates obtained from the
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Fig. 4. Vertical profiles for the ratio of the aerosol and molecular extinctions in 2018 (solid curves) and 2019 (dashed and
dash−dotted curves with error belts).
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approximate analysis of the color and polarization of
the twilight sky [27, 28] under background conditions.
A close value (0.08 μm) was taken a priori in the anal-
ysis of the limb measurements performed with the
Optical Spectrograph and InfraRed Imager System
(OSIRIS) onboard the Odin spacecraft [26].

Figure 4 shows the vertical profiles for the ratio of
the aerosol and molecular extinctions retrieved in the
analysis described above (the Ai values). For the
autumn of 2018, a typical Junge layer in the strato-
sphere is seen. The additional scattering by aerosols
appears in the upper troposphere and near the tropo-
pause in the autumn of 2019. Its expansion to higher
stratospheric layers is not so significant; and the pro-
file of September 10, 2019, is apparently represented
by two separate layers.

To estimate the size of aerosol particles in the lower
layer (5–15 km) in 2019 more accurately, it is neces-
sary to run the procedure with a fixed value of 0.1 μm
COSMIC RESEARCH  Vol. 59  No. 2  2021

Table 1. Median radius of particles r0 for the lognormal distri
tity for all altitudes and separately for altitudes of 5–15 km un

Date
(morning twilight)

Median radiu
(common for all la

October 12, 2018 0.102 ± 0.011
October 17, 2018 0.113 ± 0.023
October 20, 2018 0.091 ± 0.019
September 10, 2019 0.111 ± 0.012
September 12, 2019 0.101 ± 0.025
for median radius r0 at higher altitudes (above 20 km).
The results are presented in the right column of Table 1.
The median radius of the lower fraction turns out to be
a little larger (0.11 μm), and the difference is below the
typical error of determining the r0 value with the above
method. The same value, 0.11 μm, results from the
polarization analysis of the twilight sky after the
Rabaul volcanic eruption in 2006 [33].

Figures 2 and 3 show the characteristics of the
clear-sky background obtained by subtracting the sin-
gle-scattering field of the aerosol (dashed curves).
They are the ratio of the intensity values at symmetri-
cal points of the solar vertical circle (expressed in log-
arithms) and the polarization at the zenith:
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s
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0.107 ± 0.024



94 UGOLNIKOV, MASLOV
Analogous characteristics of the multiple scattering
(ln j(ζ, z)/ j(−ζ, z) and qM(0, z)) are shown by dotted
curves in the same diagrams. It is seen that the multi-
ple scattering maintains almost constant the ratio of
the intensity values at symmetrical points of the solar
vertical circle and the polarization during twilight,
which completely satisfies criterion (4). The increase
in the aerosol amount influences the multiple scatter-
ing by diminishing its polarization and strengthening
the asymmetry in the sky brightness during the entire
twilight period. It is the multiple scattering by aerosols
that is the main cause of the decrease in the sky back-
ground polarization. This effect explains the correla-
tion between the polarization values in the transparent
and dark twilight phases, although the single scatter-
ing takes place in completely different layers of the
atmosphere [34].

DISCUSSION AND CONCLUSION

In this paper, the polarization analysis of the twi-
light-sky background was used to reveal the additional
scattering by aerosols and to estimate their mean
radius in the epoch of purple lights in the early fall of
2019. The aerosol layer turned out to be mainly located
in the upper troposphere with some extension to the
stratosphere. It lies substantially lower than the Junge
layer of the background stratospheric aerosol. This
may be explained by the fact that the altitude of the
Raikoke eruption plume did not exceed 15 km. Sulfur
dioxide may produce sulfate aerosols at these alti-
tudes, while OCS is oxidized at higher altitudes.

Analysis of the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) satellite
data on the aerosol extinction after the Kasatochi volca-
nic eruption in 2008 [10] showed that the layer was gen-
tly sinking into the tropopause and the upper tropo-
sphere for several months after the eruption. It is worth
noting that, according to the satellite data acquired
during the observations, the tropopause altitude was
11 km [20], which is close to the mean altitude of the
aerosol obtained. At the same altitude, south of Mos-
cow, there are eastward transit airways; and the shadows
of inversion layers from airplanes were often observed
against the purple light background.

Judging by the obtained altitude value, the volcanic
aerosol cannot play any role in condensation of parti-
cles in the polar stratospheric clouds at the northern
latitudes during the winter of 2019–2020. They are
formed in the domain of the deep temperature mini-
mum (<190 K and above 21 km) under conditions of a
powerful polar stratospheric vortex of that winter.

According to the Mie theory, a strong dependence
of the polarization of the scattered radiation on the
median size of particles makes polarimetry an effective
tool in the analysis of microphysical properties of aero-
sols. The median radius amounts to 0.11 ± 0.02 μm,
which corresponds to weak or moderate eruptions. In
general, the observed properties of the aerosol confirm
that it is related with the Raikoke volcanic eruption in
June 2019.
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