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Abstract

We report on the first Raman lidar measurements of stratospheric aerosol layers in
the upper troposphere and lower stratosphere over Korea. The data were taken with
the multiwavelength aerosol Raman lidar at Gwangju (35.10° N, 126.53° E), Korea. The
volcanic ash particles and gases were released around 12 June 2011 during the erup-
tion of the Nabro volcano (13.37° N, 41.7° E) in Eritrea, east Africa. Forward trajectory
computations show that the volcanic aerosols were advected from North Africa to East
Asia. The first observation of the stratospheric aerosol layers over Korea was on 19
June 2011. The stratospheric aerosol layers appeared between 15 and 17 km height
a.s.l. The aerosol layers’ maximum value of the backscatter coefficient and the linear
particle depolarization ratio at 532 nm were 1.5+£0.3 Mm~' sr™! and 2.2 %, respectively.
We found these values at 16.4 km height a.s.|. 44 days after this first observation, we
observed the stratospheric aerosol layer again. We continuously probed the upper tro-
posphere and lower stratosphere for this aerosol layer during the following 5 months,
until December 2011. The aerosol layers typically occurred between 10 and 20km
height a.s.l. The stratospheric aerosol optical depth and the maximum backscatter co-
efficient at 532 nm decreased during these 5 months.

1 Introduction

Particles and trace gases which are injected into the stratosphere by volcanic eruptions
are the biggest source of natural pollution in the stratosphere (Robock, 2000). One of
the main components of gases from these eruptions are large amounts of sulfur diox-
ide (SO,) which increases the optical thickness in stratospheric heights. These layers
exert a cooling effect of Earth’s atmosphere (Hofmann and Solomon, 1989) and influ-
ence chemical processes in the lower stratosphere (Rodriguez et al., 1991; Solomon
et al., 1993). Stratospheric aerosols have notable impact on global climate because of
their long residence time in the stratosphere and their large scale dispersion (Hofmann
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et al., 2009). For example, the volcanic eruption of Mt. Pinatubo (15.14° N, 120.35°E) in
the Philippines in 1991 injected approximately 20 Tg SO, into the stratosphere (Bluth
et al.,, 1992; Guo et al., 2004) which led to a global-mean cooling effect of the tro-
posphere by approximately 0.5-0.8K in 1992 (McCormick et al., 1995; Parker et al.,
1996). The integrated backscatter coefficient (at 532 nm) between the first tropopause
height (approximately 15km) to 33km height a.s.l. decayed with an e-folding time of
1.14 and 1.29 years over Tsukuba (36.05° N, 140.13° E) and Naha (26.21° N, 127.69° E)
in Japan, respectively (Uchino et al., 2012). Barnes and Hofmann (2001) reported that
with regard to the integrated backscatter coefficient (at 532 nm) from 15.8 to 33km
height the Pinatubo aerosols in the stratosphere seemed to have returned to near
background levels at Mauna Loa (19.53° N, 155.57° W) by mid 1996.

During the past 20years, ground-based lidars have been demonstrated to be pow-
erful methods for studying geometrical, optical, and microphysical characteristics of
stratospheric aerosols (Wandinger et al., 1995; Ansmann et al., 2010; Mattis et al.,
2010; Sawamura et al., 2012). In that regard, Raman lidar is particularly important as it
allows for measuring extinction profiles as was shown for the first time by Ansmann
et al. (1990). Despite these investigations, measurements of stratospheric aerosol
properties under ambient conditions are still rare, and measurements are particularly
sparse over Asian sites along the West Pacific Rim, or Ring of Fire (Uchino et al.,
2012). In this paper, we report on observations of stratospheric aerosols over Gwangju
(85.10° N, 126.53° E), Korea. The stratospheric aerosol layer originated from the Nabro
eruption (13.37° N, 41.70° E) that occurred in Eritrea on 12 June 2011. To our knowl-
edge, it is the first time that volcanic aerosols at stratospheric heights were observed
with Raman lidar in Korea.

We present data on the temporal evaluation of the geometrical depth and integrated
optical depth (at 532nm) of the Nabro aerosol layer. Our observations add to data
published by Sawamura et al. (2012) who observed the Nabro stratospheric layer
with multiple lidar networks such as MPLNET (Welton et al., 2001), EARLINET (Pap-
palardo et al., 2014), and NDACC (http://www.ndsc.ncep.noaa.gov/) and independent
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lidar groups and satellite CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation satellite) (Winker et al., 2009) in the Northern Hemisphere.

The lidar, the retrieval methods, and the trajectory modeling are presented in Sect. 2.
The results of the trajectory modeling and the lidar data are presented in Sect. 3. The
main findings of the lidar observations are summarized in Sect. 4.

2 Methodology
2.1 Lidar system MRS.LEA

We have been developing a novel multi-wavelength aerosol depolarization/Raman-
quartz/water-vapor/spectrometer lidar system, dubbed MRS.LEA (Multi-wavelength
Raman/Spectrometer Lidar in East Asia) since 2008. The instrument is used for the
characterization of optical and microphysical properties of East Asian aerosols (Noh
et al., 2008; Mdiller et al., 2010; Shin et al., 2010; Tatarov et al., 2011). The lidar sta-
tion is located at the Gwangju Institute for Science and Technology (GIST), Republic of
Korea (35.10° N, 126.53°E).

The light source of the lidar is a pulsed Nd:YAG laser (Surelite 11I-10, Continuum)
which operates at the wavelength of 1064nm. The pulse repetition rate is 10Hz.
A frequency-doubling crystal allows for generating linear-polarized laser light at 532 nm
wavelength. In addition, frequency tripling generates laser light at 355 nm wavelength.
In order to reduce the divergence of the emitted radiation, we use a beam expander at
532 and 1064 nm. The return signals are collected with a 14-inch Schmidt-Cassegrain
telescope (C14, Celestron). The multi-wavelength Raman lidar measures elastically
backscattered light at 355, 532 and 1064 nm, and backscattering from the Raman-
shifted radiation (vibrational band of N,) at 387 and 607 nm.

Hamamatsu R7400-20 photomultiplier tubes (PMT) are used to measure signals
in the analog and photon-counting mode at the two 532 nm channels. We detect the
parallel-polarized and cross—polarized backscatter signals, respectively. The bandwidth
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of the interference filters is 1 at 532 nm (full width at half maximum = FWHM). A Hama-
matsu R3236 PMT with a cooler is used for analog and photon-counting at 1064 nm.
Transient recorders with 12-bit analog to digital converters and 250-MHz photon coun-
ters (TR 20-160, Licel) are used for processing the output signals of the PMTs.

The signal-to-noise ratio of the signals at 387 and 607 nm are comparably low in
the stratosphere. We tried to optimize our analysis of the signals in the sense that we
restricted our data analysis to the signals in the stratosphere.

2.2 Aerosol optical properties

We present data taken in the upper troposphere (UT) which extend to approximately
10km height a.s.l. and the lower stratosphere (LS) which extends to approximately
24 km height a.s.l. The optical data products that describe the UT and LS aerosol lay-
ers were taken with our lidar system under cloud-free conditions during night-time. We
had to apply long signal averaging times due to the low power of the emitted laser
pulses. We performed signal-smoothing lengths of 400 m for the particle backscatter
coefficients and the linear particle depolarization ratio. The Klett—Fernald method (Fer-
nald, 1984; Klett, 1985) was used to determine particle backscatter coefficients. The
calibration point of the backscatter profiles of the raw signals was set between approx-
imately 28 and 30 km height a.s.l. where no particles but only molecules contributed to
the measured signals.

We report the total stratospheric aerosol burden in terms of the stratospheric aerosol
optical depth (AOD) at 532 nm wavelength for the height region from 10 to 24 km height
a.s.l. The value of AOD significantly depends on the lidar ratio which is defined as the
ratio of the particle extinction coefficient to the particle backscatter coefficient. Mattis
et al. (2010) measured lidar ratios of 30—45 sr at 532 nm in the stratosphere. The data
were taken between 2008 and 2009 over central Europe with a multiwavelength Ra-
man lidar and describe stratospheric aerosols that originated from numerous eruptions
of volcanoes on the Aleutian Islands, Kamchatka, Alaska, and the Kuril Islands. The
aerosol layers typically occurred between 5 and 25 km height a.s.l. Based on the study
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by Mattis et al. (2010) we chose an average lidar ratio of 38 sr at 532 nm. This value
was used by Sawamura et al. (2012) for the analysis of their lidar observations of the
Nabro aerosol layer.

We used radiosonde data to calculate the atmospheric molecular density from pres-
sure and temperature profiles. Radiosondes were launched four times a day (00:00,
06:00, 18:00 and 24:00 UTC) at the Gwangju International Airport which is about 10 km
away from our lidar site.

The linear particle depolarization ratio is useful to characterize the shape of the
particles. We calculated the linear particle depolarization ratio 6° at 532 nm according
to the following equation (Biele et al., 2000; Freudenthaler et al., 2009):

s ,8”‘(6"—6"‘) +ﬁp6"(1 +6m) )
Bm (6™ —6Y) +BP(1+6m)

The linear volume depolarization ratio (particles plus molecules) is denoted by 6*. The
molecular and particle backscatter coefficient are denoted by 8™ and 8. The molecu-
lar (Rayleigh) depolarization ratio is denoted by 6™. The molecular backscatter coeffi-
cient can be calculated from the radiosonde data.

The depolarization ratio of purely molecular backscattered signal is needed as input
parameter for deriving the linear particle depolarization ratio. This value depends on the
actual bandwidth of the interference filters of the lidar receiver as the bandwidth decides
on whether the rotational Raman bands are included in the detected signals or not
(Behrendt and Nakamura, 2002). We calculated a constant molecular depolarization
ratio of 0.44 % which takes into account the actual bandwidth of the interference filter
(more than 1 nm at the co-polarized and cross-polarized 532 nm) according to Behrendt
and Nakamura (2002).

When measuring the depolarization ratio we need to consider the polarization-
dependent receiver transmission factor. Backscatter signals are detected with different
efficiencies because the transmission efficiency of the optical elements in the detector
channels depends on the state of polarization of the incident light. This dependence
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can lead to an under- or overestimation of the total signal that is detected (Mattis et al.,
2009; Tesche et al., 2011). Therefore, we conducted transmission ratio measurements
(Mattis et al., 2009) and applied them to our depolarization ratio calculation.

2.3 Air parcel trajectories computed with HYSPLIT and PRCF

The HYSPLIT (HYbrid Single-Particle Lagrangian Trajectory; version 4.9) forward tra-
jectory modeling system (Draxler and Hess, 1997, 1998) was used to understand the
spatial distribution of the transport pathway of the ash aerosol plume and to identify
the potential receptor regions after the eruption of the Nabro volcano on 12 and 13
June 2011.

Global Data Assimilation System (GDAS) atmospheric fields were used in HYSPLIT
to produce forward trajectories of air parcels originating from Mt. Nabro. The forward
trajectories provided us with Lagrangian paths of air parcels in time steps of 1 h from 12
to 13 June 2011. This information was used to identify the potential receptor region and
the transport pathway of the volcanic aerosol layer. Three-dimensional, 240 h forward
trajectories departing from Mt. Nabro were calculated for every hour. The model used
in our study uses a grid-cell size of 0.5° x 0.5° and two different height maps which are
from 0.5 to 10km height a.s.l. and from 10 to 19 km height a.s.l. The trajectories were
computed in time steps of 1 h from 12 (start time in 00:00 UTC) to 13 June 2011 (end
time in 24:00 UTC).

We used PRCF (Potential Receptor Contribution Function) to identify the probable
locations of receptors. The PRCF values for grid cells in the study domain were cal-
culated by counting the trajectories not only ending at the cell but also crossing the
cell. The PRCF value for the ith cell is defined as a conditional probability, and n;; is
the number of segment trajectory endpoints n that fall into the jth cell. To reduce the
uncertainty in a grid cell with a small number of endpoints, an arbitrary weight function
w was applied when the number of the end points in a particular cell was less than
three times the average number of end points for all cells (Polissar et al., 2001). The
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values of w were assigned as follows:
1.00, 12<ny
W= 0.7, 6<n;<12 @
0.42, 2<n;;<6
0.17, n;;<2

3 Results and discussion
3.1 Computations of the transport of the Mt. Nabro volcanic aerosol plum

Mt. Nabro has an elevation of 2218 ma.s.l. The volcano is located at the border be-
tween Eritrea and Ethiopia in Northeast Africa near the Red Sea. The Infrared At-
mospheric Sounding Interferometer (IASI) and the Smithsonian’s Global Volcanism
Program (SGVP 2011) reported the first activity of the Nabro eruption at 00:00 UTC
on 12 June 2011. Visible plumes were rising to an altitude of 13kma.s.l. and con-
tinued emissions were observed for several weeks. The volcanic aerosol plume was
detected by the Moderate Resolution Imaging Spectrometer (MODIS) on the Aqua
satellite at 10:45UTC on 13 June 2011 (http://earthobservatory.nasa.gov). An esti-
mated 1.3—2.0 Tg total mass of SO,, ash, and water vapor were injected up to the
stratosphere (Clarisse et al., 2012; Sawamura et al., 2012).

The distribution of PRCF in the study area is shown in Fig. 1. The PRCF map for
emissions in the altitude range between 10 and 19km height shows that grid cells
with high PRCF values appeared mainly in East Asia. In contrast, the PRCF map for
emissions from lower altitudes, i.e., in the altitude range between 0.5 and 10 km height
shows grid cells with high PRCF values over Africa and India. This result means that
the potential receptor areas are highly dependent on the vertical injection height of the
volcanic material. In fact, an initial plume height of 9 to 14 km height a.s.|. was reported
(based on the report of the Smithsonian Institution) and the main part of the volcanic
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aerosol plume was injected into the UT and LS by the Asian anticyclone (Bourassa
et al., 2012; Fairlie et al., 2014). Therefore volcanic emissions injected into higher alti-
tudes could enter the measurement site over the Korean peninsula.

3.2 Vertical distribution of the stratospheric aerosol layers

We selected the nighttime measurements on 19 June 2011 and 8 August 2011 to study
the optical properties and dispersion of the aerosol layers. The aerosol layers were
detected for the first time on 19 June 2011, approximately 7 days after the eruption.
CALIPSO observations showed the stratospheric aerosol layers in the UT and LS in
South and South-East Asia approximately in the first 10 days after the eruption (Fairlie
et al., 2014).

Figure 2 shows lidar measurements carried out from 16:00 to 18:00UTC on 19
June 2011. We show profiles of the particle backscatter coefficient, the linear volume
and the linear particle depolarization ratio, and meteorological parameters obtained
from a radiosonde launched at 18:00 UTC. The aerosol layer shows a separation into
two sub layers that stretch between 15 and 17 km height a.s.l. The peak value of the
backscatter coefficient of the aerosol layer was 1.5+£0.3M m s (532nm) at 16.4 km
height a.s..

The maximum value of the linear volume and the particle depolarization ratios were
1.9 and 2.2% (532nm) at 16.4km height a.s.l., respectively. The mean value of the
linear particle depolarization ratio of the aerosol layer is 1.58 %. This value is larger than
what can be explained by molecular scattering which contributes approximately 0.44 %
to the total signal. Stratospheric particles are usually assumed to be spherical (Mattis
et al., 2010). Our result indicates that there was some contribution of non-spherical
particles in the aerosol layer, i.e. glass- and mineral particles. We have insufficient
information to provide a more detailed interpretation of this result.

We could not operate the lidar from 20 June to 2 August 2011 because of the arrival
of the monsoon front, which usually is connected to strong clouds decks and heavy
rain on a nearly daily basis.
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Forty four days after our first measurement, we detected stratospheric aerosol layers
that showed several peaks. Figure 2 shows an example of the measurement carried
out on 3 August 2011. The layer thickness, according to the profiles of the particle
backscatter coefficient was 9.5 km; the bottom of the layer was at 10 km and the top of
the layer was at 19.5 km height a.s.|. This spread of the geometrical depth of the aerosol
layer may be caused by vertical eddy diffusion in the stratosphere (Holton et al., 1995;
Bitar et al., 2010). The stratospheric aerosol layers show a wavelength-dependence of
the particle backscatter coefficient. The maximum value of the backscatter coefficient
was 0.17+0.03Mm™"sr™' at 532nm and 0.03+0.01Mm™" sr™' at 1064 nm at 17.5km
height a.s.l. The backscatter-related Angstrém exponents (not shown) on average var-
ied around 0.8-1.1 in this aerosol layer.

Slightly increased values of the linear particle depolarization ratio between 10 and
17 km height a.s.l. indicate the presence of non-spherical particles. The maximum
value of the linear particle depolarization ratio was 1.9 % at 12km height a.s.l. The
aerosol layer seemed to be composed of spherical particles in the upper part of the
aerosol layer and of non-spherical particles in the lower part of the aerosol layer. We
observed this higher particle depolarization ratio in the lower part of the layer until the
end of our measurement cycle (see Fig. 5). Sedimentation of glass- and mineral parti-
cles might be responsible for the higher depolarization ratios below 17 km height a.s.l.
Again, we have insufficient information to give a more detailed interpretation of this
result.

Figure 4 shows the time-height contour plot of the 532 nm range-corrected backscat-
ter signals (logarithmic scale), and examples of vertical profiles of the particle backscat-
ter coefficient and the linear particle depolarization ratio measured between 19 June
and 7 October 2011. Gaps in the data were mostly the result of clouds that made it
impossible to operate the lidar.

Figure 5 shows the temporal evolution of the aerosol optical depth (AOD) in the
stratosphere over Gwangju and the maximum value of particle backscatter coefficient in
the aerosol layer at 532 nm wavelength from June to December 2011. The stratospheric
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AOD was computed from the particle backscatter coefficients at 532 nm, integrated
from the bottom to the top of the aerosol layers (the 10 to 24 km height region) and
assuming a lidar ratio of 38 sr.

The stratospheric aerosol layer was detected over Gwangiju for the first time on 19
June, i.e., approximately 7 days after the eruption (see Fig. 3). This day defines the
maximum value of 0.07 of AOD in the stratosphere. The maximum value of the particle
backscatter coefficient was 1.5+0.3Mm™'sr™" at 532 nm.

The following day, a geometrically thin aerosol layer was observed between 16.5 and
18 km height a.s.l. The stratospheric AOD and the particle backscatter coefficient de-
creased sharply to 0.013 and 0.41 Mm™'sr™', respectively. Then, from 3 August 2011
onward, we observed a variable stratospheric AOD. This result shows that the Nabro
particles were distributed non-uniformly during June through June (Fairlie et al., 2014).
AQOD decreased with time until the end of the observation period. In contrast, the geo-
metrical depth of the aerosol layer did not change significantly from 3 August 2011 (see
Fig. 5). Our results are consistent with results presented by Sawamura et al. (2012) and
Uchino et al. (2012). Sawamura et al. (2012) show the similar stratospheric AOD pat-
tern were 0.023, 0.011, 0.023 and 0.010 on 22 June, 20, 22 July and 12 August 2011
at Hefei, China, respectively. Uchino et al. (2012) show that the integrated backscatter
coefficient at 532 nm of the Nabro particles were distributed non-uniformly above the
first tropopause height over Japan from June to early July, and almost uniformly after
late July 2011. The integrated backscatter coefficients then decreased gradually from
August to December 2011.

4 Summary and conclusions

We present for the first time results of Raman lidar observations of the temporal evo-
lution of a stratospheric aerosol layer observed in the UT and LS over Korea. Particle
backscatter coefficients and linear particle depolarization ratios, and the evolution of
the vertical structure of the stratospheric aerosol layer were observed after the erup-
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tion of the Nabro volcano (Eritrea, East Africa) on 12 June 2011. We observed the
aerosol layers for the first time on 19 June 2011. We continued with lidar observa-
tions three times per week from August until 14 December 2011. We could not carry
out measurements after the first detection of the stratospheric layer until end of July
because of the arrival of the monsoon front.

The stratospheric aerosols over Gwangju were located in a geometrically thin layer
between 15 and 17 km height a.s.l. The maximum backscatter coefficient and the lin-
ear particle depolarization ratio were 1.5+ 0.3M m~'sr™! and 2.2% at 16.4km height
a.s.l., respectively, on 19 June 2011. The maximum backscatter coefficient and the
aerosol optical depth of the stratospheric aerosol layer decreased during the 5 month
observation period.

Sawamura et al. (2012) do not report on depolarization measurements that could
help us determine whether or not ash particles were present. Uchino et al. (2012)
report that non-spherical particles were seen in the lower regions of the layers until 24
September. However, in this study, the linear particle depolarization ratio showed also
increased values in the lower part of the aerosol layer until the end of our measurement
cycle. This result shows that non-spherical particles may have been present in the
lower stratosphere for at least six months after the eruption on the volcano.

Our study adds to the limited information on volcanic aerosols over East Asia. It
may also help in future observations of volcanic eruptions in East Asia, i.e. in source
regions, which is part of the West Pacific Rim (Ring of Fire) where a large number of
volcanic eruptions frequently occur. Lidar observations are very limited in this area.
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Figure 1. Potential receptor contribution function (PRCF) maps for transport identification of
the plume from the Nabro volcano (black solid triangle). The air parcels were released in the
altitude range between 10 and 19 km height a.s.l. (top) and between 0.5 and 10 km height a.s.I.
(bottom) in time steps of 1h from 12 to 13 June 2011. Colors indicate high potential receptor
areas.
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Figure 2. The stratospheric aerosol layer observed from 16:00 to 18:00 UTC on 19 June 2011.
The two left panels show the particle backscatter coefficient at 532 nm (a) and the linear volume
and particle depolarization ratio at 532 nm (b). The green vertical line in (b) indicates the molec-
ular depolarization ratio of 0.44 % at 532 nm. The middle panel shows the aerosol layer in terms
of the 532 nm range-corrected backscatter signal (in arbitrary units) as a function of height and
time (¢). The red line in (¢) indicates the time of the radiosonde launch (at 18:00 UTC). The
two right panels show the radiosonde profiles. Wind speed and wind direction are shown in (d).
Relative humidity (RH), dew point (74), temperature (T) and virtual potential temperature (6,)
are shown in (e).
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Figure 3. Same as Fig. 2 except for the measurement period from 11:30 to 17:00UTC on 8
August 2011. Meteorological parameters (¢ and d) were measured with a radiosonde launched
at 12:00 UTC.
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Figure 4. (a) Time series of measurements taken between 19 June and 7 October 2011.
(b) Contour plot (time-height) of the 532-nm range-corrected backscatter signal. (¢) Profiles
of the particle backscatter coefficient at 532 and 1064 nm. (d) Profiles of the linear particle
depolarization ratio and the total depolarization ratio (particles plus molecules) at 532 nm. Be-
cause of low signal-to-noise ratios of the cross-polarized signals at 532 nm, profiles of the linear
particle depolarization ratio are not shown for the measurements carried out on 14 September
and 7 October 2011.
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Figure 5. Temporal variation of the stratospheric aerosol optical depth (AOD) at 532 nm (closed
black circles) of the stratospheric aerosol layers and the maximum backscatter coefficient at

532 nm (closed red circles).
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