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Lidar observations at the wavelength of 532 nm during 2011-2020 in Saga, Japan, revealed that strato-
spheric aerosols increased after the eruptions of Nabro volcano in Eritrea on 12 June 2011 and Raikoke
volcano in the central Kuril Islands on 22 June 2019. Maximum values of the backscattering ratio and
the integrated backscattering coefficient of stratospheric aerosols from tropopause altitude to 33 km after
the Nabro eruption were 3.70 at 18.22 km on 23 June 2011 and 3.65% 10~ % sr ! on 25 July 2011,
respectively; those after the Raikoke eruption were 1.89 at 17.47 km on 8 August 2019 and 3.01 X 10 ~*
st~ ! on 1 November 2019, respectively. Assuming a lidar ratio of 50 sr at 532 nm, the maximum strato-
spheric aerosol optical depth over Saga during the ten-year period from 2011 to 2020 was estimated to
be 0.018 on 25 July 2011.

Stratospheric smoke particles from the Canadian forest fires in August 2017 were also detected. The
degree of depolarization of smoke particles was about 0.1-0.18, and this value persisted for a long
period of time, from 31 August 2017 to 22 February 22, 2018. These lidar data are useful for investigat-
ing the effects of stratospheric aerosols on climate and the ozone layer.
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1. Introduction

Monitoring of the stratospheric aerosol layer is important because stratospheric aerosols affect the climate through
radiative processes and the ozone layer through heterogeneous chemical reactions at the aerosol surface." ? In addition,
it is useful to investigate the stratospheric aerosols in the column-averaged dry air mole fractions of CO, and CHy
(XCO, and XCHy), products of the Greenhouse gases Observing SATellite (GOSAT).Y As stratospheric aerosols with
an optical thickness of 0.01 have been found to have an effect on XCO, at high latitudes in the Southern Hemisphere
winter derived from the Orbiting Carbon Observatory-2 (OCO-2) satellite, a Gaussian stratospheric aerosol profile was
introduced to improve the retrieval algorithm of 0CO-2.%

In 2008, the National Institute for Environmental Studies (NIES), Japan, in cooperation with the Meteorological
Research Institute, Japan, developed a Mie-scattering lidar system to evaluate the influence of tropospheric and strato-
spheric aerosols and clouds on the GOSAT product with Total Carbon Column Observing Network Fourier Transform
Spectrometer (TCCON FTS) and skyradiometer.® The Mie-scattering lidar system uses two wavelengths of the
Nd:YAG laser (1064 nm and 532 nm) and can also observe the depolarization ratio at 532 nm. Using this lidar, we
observed an increase in stratospheric aerosols caused by the Mt. Sarychev (48.08°N, 153.23°E) volcanic eruption on 12

June 2009. To validate the tropospheric ozone data derived from the GOSAT thermal infrared spectra, a tropospheric
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ozone differential absorption lidar (DIAL) system was developed at NIES from 2009 to 2010 and installed on a con-
tainer together with the Mie-scattering lidar. In March 2011, the container containing the lidar systems was moved from
NIES in Tsukuba to Saga University, Japan (33.24°N, 130.29°E), about 950 km to the southwest, after which we started
lidar observations. We have previously reported several observation and analysis results obtained using the Mie-scatter-
ing lidar and the ozone DIAL, >® and here we report on the stratospheric aerosol layer variations during 2011-2020
observed using the Mie-scattering lidar. First, the lidar system and data analysis method are described; next, the lidar
observation results of stratospheric aerosols for 2011-2020 are presented; finally, the negative radiative forcing due to

the increase in stratospheric aerosols after the 2011 Nabro and 2019 Raikoke volcanic eruptions is discussed.
2. Lidar system and data analysis

The laser output energy used to observe stratospheric aerosols at a wavelength of 532 nm was 130 mJ per pulse with
a repetition rate of 10 Hz. The transmitted laser beam divergence was 0.2 mrad using a beam expander with a magnifi-
cation factor of 5. The receiving telescope was a Schmidt-Cassegrain type with an aperture of 30.5 cm and a receiving
field of view of 1.0 mrad. Three photomultiplier tubes (PMTs, R3234-01) were used as detectors, two to detect the par-
allel (P) component of the same polarization as the laser and one for the perpendicular (S) component. For signal pro-
cessing, a 12-bit AD conversion and photon counting system (TR 20-160)was used.”

The backscattering ratio (BSR) is defined as

BR + BA

BSR = ,
BR

ey

where BR and BA are the molecular and particle backscattering coefficients, respectively. Previously, radiosonde data at
Fukuoka were used to calculate BR, but since radiosondes sometimes do not reach more than 30 km, JRA-55 reanalysis
data” were used instead to calculate BR and tropopause altitude. Because the wavelength of 532 nm is subject to ozone
absorption, monthly average values for Kagoshima (31.55°N, 130.55°E) were used as the ozone model.® The lidar ratio
S (the ratio of particle extinction to backscattering coefficient) was assumed to be 50 sr in this analysis.” The lidar
backscatter signal was normalized to BSR = 1.02 (i.e., aerosol backscattering coefficient (BA) is 2% of the molecular
backscattering coefficient (BR)) at 32-37 km altitude based on studies using satellite-borne stratospheric aerosol mea-
surements. %' We derived backscattering ratio profiles with an inversion method.'® The vertical and time resolution
of the raw lidar data were 7.5 m and 1 min, respectively. To improve the signal-to-noise ratio, lidar data were accumu-
lated over an altitude of 150 m and temporally overnight. The time accumulation depended on the season because the
sunrise and sunset were different depending on the season.

We obtained the integrated backscattering coefficient by summing up BA from the tropopause altitude to an altitude
of 33 km. When cirrus clouds were present above the tropopause, we set the lower limit of the integration to just above
the altitude of the cirrus clouds.

In this paper, the total linear depolarization ratio (TDR) is defined as

S

TDR=—
)

where P and S are the parallel and perpendicular components of the backscattered signals, respectively. The total linear

depolarization ratio 6 so far® is

S
(5:
P+S 3
The relationship between T7DR and ¢ is as follows
0
TDR =——.
7o “

Therefore, TDR is larger than 6.
The particle depolarization ratio PDR is calculated by
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(1 + TDRm)TDR - BSR — (1 + TDR)T DRm
(1+ TDRm)BSR — (1 + TDR) ’

PDR =

%)
where TDRm is the linear depolarization ratio of air molecules.'? We used TDRm =3.66 x 10 3.1
3. Lidar observation results

During 2011-2020 over Saga, stratospheric aerosols increased mainly as the results of two volcanic eruptions, Nabro
and Raikoke; in addition, smoke particles from large forest fires in Canada were detected in the stratosphere. In this sec-
tion we discuss these lidar observational results. The lidar observation site (Saga) and the locations of the volcanoes
(Nabro and Raikoke) and pyrocumulonimbuses (pyroCbs) that contributed to the increase in stratospheric aerosols are

shown in Fig. 1.

A Raikoke 2\ pyroChs

@® Saga
A Nabro

Fig. 1 Lidar observation site (Saga) and the locations of volcanoes
(Nabro and Raikoke) and pyrocumulonimbuses
(pyroCbs).

3.1. Stratospheric aerosol increase due to the June 2011 eruption of Nabro volcano

Nabro volcano (13.37°N, 41.70°E) in Eritrea erupted on 12 June 2011. The total mass of SO, produced by the eruption
was estimated to be 1.5 Tg.'® Figure 2 shows vertical profiles of the aerosol backscattering ratio (BSR), total depolar-
ization ratio (TDR), and particle depolarization ratio (PDR) at 532 nm over Saga. New aerosol layers with double peaks
were observed on 23 June 2011, about 11 days after the eruption. The peak values of BSR were 2.25 and 3.70 at alti-
tudes of 17.17 km and 18.22 km, respectively. The values of PDR were 0-0.016 at 17.2-18.2 km. Aerosols were proba-
bly composed of spherical particles because PDR was very small; however, some non-spherical particles were seen in
the lower regions of the layers on 29 August 2011, and PDR was 0.03 at 16.4 km. An increase in stratospheric aerosols
after the 2011 Nabro eruption was also confirmed by lidar observations at Tsukuba (36.1°N, 140.1°E).'”

3.2. Increase in stratospheric aerosols from the Raikoke volcanic eruption in June 2019

The Raikoke volcano (48.29°N, 153.25°E) in the central Kuril Islands erupted on 22 June 2019. The SO, injected
into the upper troposphere and lower stratosphere by the Raikoke eruption was estimated to be 2.1+0.2 Tg (larger than
the initial estimate of 1.5+0.2 Tg from earlier studies),'® ¥ and 40.5% (0.85 Tg) of the total SO, mass was injected
into the lower stratosphere.?” Following the Raikoke eruption, stratospheric aerosol optical depth (sAOD) values
increased in the whole Northern Hemisphere.?"

Vaughan et al.?? detected a thin layer at an altitude of 14 km late on 3 July, with the first detection of the main aero-
sol cloud on 13 July by a Raman lidar system based at the Capel Dewi Atmospheric Observatory, UK (52.4°N, 4.1°W).
The Mauna Loa lidar first observed a 1-km-thick aerosol layer at an altitude of 26 km on September 24 after the
Raikoke eruption.?

At Saga, stratospheric aerosols increased on 8 August 2019 (Fig. 3). The maximum value of BSR was 1.89 at 17.47
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Fig.2 Vertical profiles of aerosol backscattering ratio (BSR), total depolarization ratio (7DR), and
particle depolarization ratio (PDR) at 532 nm over Saga, Japan, before and after the Nabro volcanic
eruption in June 2011. LST stands for local standard time. The horizontal dotted lines show the
mean tropopause altitudes.
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Fig.3 Vertical profiles of aerosol backscattering ratio (BSR), total depolarization ratio (7DR), and

particle depolarization ratio (PDR) at 532 nm over Saga, Japan, after the Raikoke volcanic
eruption in June 2019. The horizontal dotted lines show the mean tropopause altitudes.
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km on 8 August after the Raikoke eruption. The BSR peak of the background stratospheric aerosol layer composed of
sulfuric acid particles mainly generated from carbonyl sulfide (COS) originating in the troposphere is around 20 km as
shown on 24 June 2019. The BSR peak due to volcanic eruptions is approximately determined by the SO, injection alti-
tude, i.e., the height of potential temperature. From September 2019 to February 2020, the BSR peak of the stratospheric
aerosol layer was located around 18 km. Because the PDR was small, the particles were inferred to be sulfuric acid par-
ticles produced by chemical reaction of SO,.

The Ulawun volcano in Papua New Guinea (5.05°S, 151.33°E) erupted on 26 June and 3 August 2019. The total mass
of SO, from the two explosions was estimated to be 0.3 Tg. The Ulawun plume was transported mainly towards the
south. Possible transport towards the north within the Brewer-Dobson Circulation was masked by already increased
SAOD values from the Raikoke eruption in the Northern Hemisphere.?" Lidar observations at Saga also did not clearly

capture the impact of the Ulawun volcanic eruption.

3.3. Detection of smoke particles from large Canadian forest fires in summer 2017
Pyrocumulonimbus (pyroCb) from large forest fires can inject material containing smoke particles into the lower strato-
sphere, similar to volcanic explosions.?* The mass of smoke aerosol particles injected into the lower stratosphere from
five near-simultaneous intense pyroCbs occurring in western North America on 12 August 2017 was comparable to that of a
moderate volcanic eruption and an order of magnitude larger than previous benchmarks for extreme pyroCb activity.?>
Extreme levels of Canadian wildfire smoke were observed in the stratosphere over central Europe on 21-22 August
2017 by European Aerosol Research Lidar Network (EARLINET) lidars.?® The smoke plume was also detected by lidar
at Observatoire de Haute-Provence (43.9°N, 5.7°E) in France on 24 August as a 1-km-thick layer centered at 14.9 km;
the peak BSR values were 8-10 around 19 km on 29 August.?” The first smoke layer was observed between 15.0 km
and 15.8 km with the maximum BSR of 5.8 at 15.4 km over Tomsk (56.48°N, 85.05°E) in Russia on 26 August 2017.%®
On 31 August 2017, an aerosol layer containing smoke particles with peak values of 2.0 for BSR, 0.08 for TDR, and
0.17 for PDR was observed at an altitude of 17.62 km over Saga (Fig. 4). The smoke layer rose to 20.31 km on 9 Octo-
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Fig. 4 Vertical profiles of aerosol backscattering ratio (BSR), total depolarization ratio (T7DR), and
particle depolarization ratio (PDR) at 532 nm over Saga, Japan, after Canadian forest fires in
August 2017. The horizontal dotted lines show the mean tropopause altitudes.
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ber 2017. Furthermore, on October 24, in addition to the layer near 20.31 km, a layer with a large PDR value was
detected at 22.71 km. The smoke layer rose owing to solar heating of black carbon.?® High values of PDR (>0.1) were
observed at an altitude of 16-20 km until February 2018.

A high particle depolarization ratio of 0.18 in a stratospheric layer from 15-16 km altitude and a small particle depo-
larization of 0.03 in a tropospheric layer at 5-6.5 km were observed at 532 nm by the Leipzig (51.3°N, 12.4°E) lidar
system in Germany on 22 August 2017.%” A smoke PDR of 0.18-0.20 was observed at Lille (50.61°N, 3.14°E) in
France in late August 2017.3D These large PDR values would be expected to persist in the stratosphere because there is
less water vapor in the stratosphere. Subsequently, smoke particles or aerosols mixed with smoke particles might have
been transported to the troposphere in March 2018, because PDR values were small at ca. 20 km altitude on 13 March
2018 (Fig. 4).

4. Integrated backscattering coefficients of stratospheric aerosols

The temporal variation of the integrated backscattering coefficient (/BC) from tropopause to an altitude of 33 km and
the tropopause altitude over Saga are shown in Fig. 5. In general, the tropopause altitude was low in winter to spring
and high in summer. After the 2011 Nabro eruption and the 2019 Raikoke eruption, the IBC values clearly increased.
The maximum /BC after the Nabro eruptlon was 3.65X 10~ * sr ! on 25 July 2011, and the maximum IBC after the
Raikoke eruption was 3.01 X 10 ~*sr ™! on 1 November 2019.

In our previous paper,” the maximum value of IBC was 4.19 X 10 ~* sr ~! on 23 June 2011 after the Nabro eruption,
whereas in this paper it was 3.65 % 10 ~* sr ! on 25 July 2011. The tropopause altitude on June 23 was 16.94 km from
JRA-55, but it was 15.66 km from the radiosonde data of Fukuoka, near Saga, that was used in the previous paper. Cal-
culating the /BC from 15.66 km to 33 km on June 23 gives a value of 3.93 X 10 % sr !, which might be the maximum
value after the Nabro eruption. The tropopause altitude from JRA-55 data seems to be higher than that from radiosonde
data. The difference between the IBC values of 4.19X 10~ *sr ™! and 3.93 X 10 ~* sr ™! is due to differences in normal-
ization and integration time.

After the eruption of Kelud volcano (7.94°S, 112.31°E) on February 13, 2014, volcanic ash-containing aerosols with
BSRs of 1.07 and 1.12 and PDRs of 0.05 and 0.08 were observed around 17 km altitude on April 10 and 12, respec-
tively. The IBC values were 9.93 % 10 3 sr " and 1.09 X 10 #sr !, respectively, and there was no significant increase.
The impact of Ambae (15.39°S, 167.84°E) eruption in April and July 2018 could not be detected at Saga.
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Fig. 5 Temporal variation of the integrated backscattering coefficient (I/BC) from tropopause to an altitude of 33 km and
tropopause altitude over Saga, Japan from 2011 to 2020. Arrows on the horizontal axis indicate the dates of volcanic
eruptions and forest fires.

5. Discussion and concluding remarks

Lidar observations at Saga obtained over a 10-year period (2011-2020) demonstrated that stratospheric aerosols
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increased after the June 2011 Nabro volcanic eruption and the June 2019 Raikoke volcanic eruption. The maximum
values of BSR and IBC after the Nabro eruption were 3.70 at 18.22 km altitude on 23 June 2011 and 3.65 % 10 ~* sr !
on 25 July 2011, respectively; those after the Raikoke eruption were 1.89 at 17.47 km on 8 August 2019 and 3.01 X
10 7% sr ! on 1 November 2019, respectively. Assuming a lidar ratio of 50 sr at 532 nm, the maximum stratospheric
aerosol optical depth (sAOD) over Saga between 2011 and 2020 was estimated to be 0.018 on 25 July 2011. This SAOD
is one-sixteenth of the maximum sAOD of 0.3 observed in February 1992 by the Tsukuba lidar after the Pinatubo erup-
tion.>? The largest mean optical thickness of the Pinatubo-associated layer was 0.31 at 500 nm on 23 August 1991 in
the latitude zone 20°S to 30°N,*¥ and monthly means of sSAOD reached 0.2 in early 1992 at three lidar stations, Naha
(26.2°N, 127.7°E) and Tsukuba in Japan and Garmisch-Partenkirchen (47.5°N, 11.1°E) in Germany.>* Although the
sAOD of the stratospheric aerosols from the 2011 Nabro eruption was approximately 16 times smaller than the sAOD of
the 1991 Pinatubo eruption, the resulting negative radiative forcing cannot be ignored, as discussed below.

The annual mean /BC value from 2013 to 2018, when stratospheric aerosols were considered normal, was 8.95 X
1072 sr !, The annual average IBC in 2011 after the Nabro eruption was 1.76 X 10~ *sr ™!, 8.65% 10> sr ! higher
than the annual mean. Converting these values to sAOD yields an increase of 0.0043. In addition, the IBC was 1.49 X
10 ™% sr~!in 2019 after the Raikoke eruption, 5.95% 107> sr ™! larger than the 2013-2018 annual mean, and yielding
an sAOD increase of 0.0030. The corresponding increases of negative radiative forcing in 2011 and 2019 were roughly
0.11 W m ™2 and 0.07 W m ™2, respectively, based on a conversion factor from sAOD to radiative forcing of 25 W
m 23339 The increase in radiative forcing due to CO, from 2016 to 2017 was 0.028 W m ~2 and the total radiative
forcing due to all greenhouse gases was 0.034 W m ~2.37 Therefore, the temporary negative radiative forcing due to the
increase in stratospheric aerosols after the Nabro and Raikoke volcanic eruptions might have exceeded the annual radia-
tive forcing due to all greenhouse gases.

Stratospheric smoke particles from the 2017 Canadian forest fires were detected by the Saga lidar. The degree of
depolarization of smoke particles was about 0.1-0.18, and this value persisted for a long period of time, from 31 August
2017 to 22 February 2018. As shown by the record-breaking wildfires in southeastern Australia in late December 2019
and early January 2020, global warming will increase the influx of smoke particles into the stratosphere due to pyroCb

clouds.
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