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A twenty-year deposition record of
elemental carbon in Northern Japan
retrieved from archived filters

Naoki Kaneyasu®?*, Kiyoshi Matsumoto?, TakashiYamaguchi?, Izumi Noguchi?,
Naoto Murao*, Teppei J. Yasunari(®>® & Fumikazu Ikemori’

The black carbon or elemental carbon (EC) content in ice and snow has been a concern in climate change
studies, but time-series records have mostly been obtained from glacier ice-core samples in limited
geographical locations, such as the Arctic or high mountains. This is the first study to present decade-
long records of EC deposition measured at urban (Sapporo) and background (Rishiri Island) sites in
Japan, in the mid-latitude zone of the eastern edge of the Asian continent. By using archived membrane
filters from an acid rain study, we retrieved monthly EC deposition records of 1993-2012 in Sapporo

and intermittent deposition data in Rishiri. Annual EC deposition showed large fluctuations, with a
maximum in 2000-2001 and a minor increase in 2010-2011. This interannual change was moderately
related to the deposition of non-sea salt SO,2~ and the collected water volume but did not reflect the
estimated emission history of China. High depositions in 2000-2001 were probably caused by the
transport of Asian Dust accompanied by air pollutants, which were characteristically active in these
years. The findings of this study have implications for the use of observational data in validating global
aerosol transport models.

In studies on the climatic effect of black carbon (BC; also referred to as elemental carbon (EC), light-absorbing
carbon, refractory BC, or soot; hereafter denoted as it appears in the referenced literature), the importance of its
effect on the broadband reflectance, i.e., albedo, of snow has been recognized since the early 1980s'*. Inclusion of
light-absorbing particles into snow crystals and/or their direct deposition onto the snow surface reduces the snow
albedo and ultimately affects the aging process of snow grains and accelerates snow melt’.

Currently available data used to validate numerical models for estimating snow-albedo reduction have limi-
tations due to the locality and duration of sample collection. Since the pioneering work in the early 1980s®, BC in
the snowpack has generally been measured in the Arctic region’, whereas measurements in mid-latitude regions
have been relatively limited. In addition, much of the concentration data in the snowpack has been reported based
on single-shot or one-winter-long samplings, and time-series measurements over multiple years are limited to a
small number of studies®2, with the longest sampling campaign extending over three and a half years'.

Another type of time-series data has been obtained as historical records from ice-core samples drilled from
glaciers in the Himalayan mountain range'*'¢, Tibetan Plateau!’-'°, Eastern Pamirs®’, European Alps?'~?*, and
Greenland®. Ice-core records can reveal the concentrations of BC in ice layers up to several centuries ago, which
enables the estimation of past emissions from biomass burning and fossil fuel use'”**-%. In particular, time-series
records from Asia are expected to contain the history of emissions from China, where current BC emissions are
estimated to be the highest?*-*®. However, glaciers on the Asian continent are located west of the industrialised
areas in China and are, therefore, located upwind of the prevailing westerlies.

To validate the models that reproduce global BC deposition for the purpose of estimating snow-albedo reduc-
tion, BC deposition data collected over longer time periods at mid-latitudes, where emissions are concentrated,
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Figure 1. Schematic showing the concept of this study. TOT denotes the thermal-optical transmission used in
particulate carbon analysis.

would be valuable. We addressed this issue by using a by-product of another research project, namely an acid dep-
osition study, in an urban and a background site in northern Japan. In the 1980s, with increasing public concern
about acid deposition, environmental research institutions in Japan began collecting acid deposition samples by
filtering bulk-deposition samplers®, which did not discriminate between wet and dry depositions. A membrane
filter was installed inside the sampler to remove insoluble particles, mainly soil dust, from precipitation collected
by an upward-facing funnel. Although these membrane filters were normally discarded after sampling, an envi-
ronmental research institution in Hokkaido Prefecture, Japan, has preserved these used membrane filters since
the 1990s.

If the captured particles on the archived membrane filters, which span an extended period of sampling, could
be analysed, they would be equivalent to ice-core samples containing deposited particles in layers (Fig. 1). We
subsequently devised a technique to analyse these particles and retrieved the deposition record of EC (an alter-
native measure to BC), collected over 20 years at an urban site (Sapporo) in northern Japan. Additionally, an
intermittent deposition record was retrieved from samples collected at a background site (Rishiri Island). An
advantage of our method is that dating with one-month resolution has already been achieved. This enabled us
to reproduce seasonal variations in deposition, which most ice-core studies were unable to achieve. This study
presents the first long-term EC deposition record on the eastern edge of the Asian continent. The results have
implications for the use of observational data in validating global aerosol transport models.

Methods

Sampling apparatus and sites. In 1983, the Environment Agency of Japan (currently the Ministry of
Environment) conducted the first nationwide study (Phase 1) of the Japanese Acid Deposition Survey (JADS)
program. In JADS Phase 1, precipitation was collected by filtering bulk-deposition samplers. Schematics and a
description of the samplers used are provided in Supplementary Fig. S1. Chemical analyses of the water samples
collected in the JADS are described elsewhere®®. The membrane filters installed in the samplers were retrieved
once a month at the same time the water samples were collected, with some minor exceptions due to weekly sam-
pling conducted for several intensive studies. When the filter was replaced at the end of each month, the funnel
of the sampler was rinsed with distilled-deionised water (200 mL). The Hokkaido Institute of Environmental
Sciences (currently the Hokkaido Research Organization) has been operating these samplers since 1983 and has
preserved some of the membrane filters since 1993.

One sampler was operated on the rooftop (12 m above ground level) of a building at the Hokkaido Institute
of Environmental Sciences (43 °04/54"N, 141 °20’00”E, 15m above sea level (asl.)). The sampling location was
in Sapporo, Japan, the capital city and commercial centre of Hokkaido Prefecture (Fig. 2). Another sampler was
deployed at the Rishiri National Acid Deposition Monitoring Station (45°07'11”N, 141 °12'26”E, 50 m asl.) on
southwestern Rishiri Island, a background site in northernmost Hokkaido (Fig. 2). Sampling on Rishiri Island
was interrupted from 2001 to 2007, and sampling was not conducted during the heavy snow season (January-
March) in several years.

Extraction and analytical procedures. The membrane filters used by the Hokkaido Institute of
Environmental Science were mixed cellulose ester filters (pore size: 0.8 pm, 47 mm ¢; ADVANTEC A080A047A,
Advantec Toyo Ltd., Japan), which are acetone soluble. First, to remove carbonate from soil dust particles, the
membrane filters loaded with insoluble particles were soaked in 10 mL of aqueous HCI (2N) in a glass beaker
and heated on an electric heater. During heating, the HCl solution became an azeotropic mixture with water. The
heater was turned off before the solution completely evaporated and the filter in the beaker was left at 20-25°C
until it was dry. After the removal of carbonate, 25 mL of acetone was added to the beaker, which was then placed
in an ultrasonic bath for 5 minutes to dissolve the remaining filter material. The solution was then filtered through
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Figure 2. Map of the study region in East Asia. Location names corresponding to data mentioned in the text are
enclosed in the solid rectangular frames.

~ 250

> @

o g

€ B Sapporo  [1] Rishiri

200

o

£

x T

3 150 -

=

=

2

=

@2 100 8 o

= 8

o

()

©

©

3

c

c

<<
M T O O N 0 O O - A MO ¥ O © N~ 0 OO O - o
D DD OO O O O O O O O O O  rm T
o OO O O O 0O O O O O O O O O O O O O O O
FFFFFFF LS A o I o e o e o A N A e S I S N U VAN aY)

Year

Figure 3. Annual bulk deposition of elemental carbon (TOT-IMPROVE) in Sapporo and Rishiri from 1993 to
2012. Bars marked with asterisks represent incomplete annual data because of missing samples from January-
March. Numbers above the bars denote deposition flux values.

a nylon net (mesh opening, 5 um; NYTAL, Sefar AG, Switzerland) to remove coarse soil particles, and 5mL
of acetone was poured onto the remaining soil particles on the net to wash out the particulate carbon. Finally,
the extraction was filtered through two-ply quartz-fibre filters (25 mm ¢; Whatman QMA, GE Healthcare life
Sciences, Pittsburgh, PA) mounted on a glass filtration funnel. The quartz-fibre filters were pre-treated by heating
in air at 850 °C for 30 minutes using an electric furnace to remove any carbonaceous material from the blanks.

The sample-loaded quartz-fibre filters were analysed using a thermo-optical transmittance (TOT) car-
bon analyser (Sunset Laboratory, Tigard, OR) according to the Interagency Monitoring for Protected Visual
Environments (IMPROVE) protocol®!, which separates EC from organic carbon in a helium stream with a step-
wise heating process. The instrument was calibrated with sucrose solution standards. Repeated analyses of a PM, 5
filter sample collected in an urban area (Fukuoka, western Japan) yielded a coefficient of variation of less than 15%
(n=19) for EC with this instrument. In deposition studies of carbonaceous particles, a thermal-oxidation anal-
ysis method®” has often been employed. Our analytical results were compared with this method (Supplementary
Information).

In previous studies, the uncertainty in capture efficiency was discussed when quartz-fibre filters were used to
separate particles suspended in water®*-*¢ because this type of filter was originally produced for the filtration of
particles suspended in air. In the present study, we used two quartz-fibre filters placed in series for filtration and
corrected the EC mass captured on the first filter. The correction procedure and discussion on the transmission
efficiency of carbonaceous particles through the filters are described in the Supplementary Information.

Results and Discussion

Interannual variation in deposition flux. Annual deposition (mg m~2y~!) in Sapporo was calculated
for 1993-2012 by summing the monthly deposition in each year (Fig. 3). Samples were not collected during
January-March 1993 and 1994, making annual deposition data incomplete for these years. Therefore, we discuss
only the interannual changes based on data from 1995 to 2012. Some of the annual deposition data for Rishiri
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Figure 4. Annual bulk deposition of non-sea salt (nss.) SO,2~ and nss.K* from 1997 to 2012 in Sapporo
measured according to the protocol of the Acid Deposition Survey Phase 1 program.

are also missing, similar to Sapporo, since sampling was not performed when the site was inaccessible because of
deep snow (January-March).

As seen in Fig. 3, an increasing or decreasing trend over the sampling period was not observed in Sapporo.
Instead, an extremely high deposition in 2000 and 2001 was prominent, and a second noticeable increase in
deposition occurred in 2011. For example, the annual deposition in 2000 and 2001 in Sapporo were 3.7 and 4.8
times higher than the 1995-2012 mean, respectively. The locations of the sampling sites on the eastern edge of the
Asian continent were expected to be suitable for detecting the emission history of carbonaceous particles from
China, associated with its economic growth and the implementation of pollution reduction measures. However,
the deposition record obtained does not reflect the BC emission history of China that has been estimated in
two independent studies. An emission estimate during 1996-2010 shows a minimum in 2000 with progressive
increase until 2008%”. Another estimate shows a sharp local maximum in 1996 prior to a local minimum in 2000,
with a plateau in the late 1990s*. The local minimum in 2000 estimated for emissions in China coincided with
an extremely high EC deposition observed in Sapporo. The continued increases in emissions in China during the
early 2000s were not observed in the deposition record from Sapporo.

During the spring-early summer of 2003, a massive boreal forest fire occurred in Eastern Siberia that trans-
ported thick plumes of carbonaceous particles at high altitudes to Japan®® and likely affected the surface aerosol
concentrations in Nagoya, central Japan®’, and Rishiri*!. In Sapporo, surface air quality was possibly affected by
the Siberian forest fires in 2003 and 2008*2. However, such prominent events did not increase EC deposition in
Sapporo. This suggests that even if high concentrations of carbonaceous particles were transported to the study
area, they would not necessarily have increased the deposition flux. Previous studies'>** have noted that the
occurrence of precipitation coincident with the arrival of carbonaceous particles is likely required to cause high
levels of deposition. The possible concurrence of precipitation and high concentration of air pollutants in the
atmosphere will be discussed in the last section as a cause of increased disposition in 2000 and 2001.

Potential emission sources of carbonaceous particles, such as fossil fuel combustion, have been indicated by
comparison with other chemical components in melted water from ice-core samples'” or in precipitation*!. For
comparison with our retrieved EC deposition data, the concentrations of inorganic ions, mass of water-insoluble
material, and volume of collected water in the bottle were available from 1997 onward and were measured accord-
ing to the JADS program protocol. The deposition fluxes of ionic components were calculated by multiplying the
concentrations and volume of collected water. In Sapporo, the time series of annual non-sea-salt (nss.) SO~
and nss.K" deposition (Fig. 4) did not fluctuate greatly, as was the case with EC. The non-sea salt correction is
described in the Supplementary Information.

The annual deposition flux of EC in Sapporo moderately correlated with that of nss.SO,*~ (Pearson correlation
coefficient r=0.53, significance level p < 0.05) for 1997-2012 (Fig. 5a). The collected water volume moderately
correlated with the annual EC deposition (r=0.56, p < 0.05) for the same period (Fig. 5b). On the other hand, the
correlation of annual EC deposition with that of nss. K™ was weak, and these parameters were considered to be
statistically unrelated (r=0.18, p < 0.05). These comparisons indicate that the annual EC deposition in Sapporo
was, at least to a certain extent, associated with pollutants from sulphur-containing combustion sources, such as
coal combustion, and affected by the amount of precipitation. Although the effect of biomass-burning emissions
was hardly identifiable from the correlation coefficient with nss.K*, several regression lines in the scatterplots
may be drawn between EC and nss.K* deposition (Fig. 5¢).

As the analytical procedure adopted in our study was relatively complicated and has not been used in previ-
ous studies, the validity of the measured values should be assessed. In 2010, the deposition flux of TOT-EC was
measured in a forested area in Niigata, Japan, with the use of filtering bulk-deposition samplers*>. The sampling
apparatus and analytical instrumentation were similar to those in our study, with the only difference being that
the quartz-fibre filters were directly installed in bulk-deposition samplers to collect carbonaceous particles. The
annual deposition of TOT-EC observed outside the forest canopy was 71 mgm~2y~!. In Cape Hedo of Okinawa,
Japan, the refractory BC in rainwater was measured using a single-particle soot photometer, and the resultant
annual deposition flux was 66 mg m 2 for the period of Apr. 2010-Mar. 2013'2. Compared to these reported fluxes
measured in Japan during the same period, the retrieved annual deposition flux in Sapporo in 2010 (46.2 mgm 2
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Figure 5. Relationship of annual elemental carbon (EC) deposition in Sapporo with (a) non-sea salt (nss.)
SO,?~ deposition, (b) the volume of water collected by the sampler, and (c) nss. K" deposition.

y ') and during Apr. 2010-Mar. 2013 (39.5mgm 2y ') was within the same order of magnitude. The 1995-2012
averaged annual EC deposition in Sapporo (43.4mgm~2y~!) also agrees with the BC deposition of 44 mgm
calculated in a global transport model for the 30-60 °N latitude zone*.

Notably, the annual deposition at the background Rishiri site was not substantially smaller than that in
Sapporo (Fig. 3). The Rishiri/Sapporo annual deposition ratio in 1997-2001, during which complete annual data
were available for both sites, ranged between 0.42 and 0.78. This suggests that even in a populated metropolitan
area, such as Sapporo, the annual deposition of EC is dominated by regional deposition rather than the immediate
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Figure 6. Monthly mean concentrations of elemental carbon (TOT-IMPROVE) in the collected water in
Sapporo and Rishiri from 1996 to 2012.

EC concentrations in collected water. In previous studies, BC or EC measurements in the surface
snowpack or ice-core samples have mostly been presented as concentrations in melted water and not as dep-
osition fluxes. For comparison purposes, the measured EC values from Sapporo and Rishiri were converted to
concentrations in precipitation by dividing the mass by the volume of collected water. The calculated monthly
mean EC concentrations in collected water in Sapporo and Rishiri for the period of 1997-2012 are shown in
Fig. 6. The mean concentration in Sapporo during 1997-2012 was 70.6 ngg ' (n = 191), whereas that of Rishiri
was 56.4ngg~"! (n=101). In this expression, the amount of EC was also noticeably high in 2000 and 2001. For
example, in Sapporo, the concentration ratios of 2000 to 1997-2012 and 2001 to 1997-2012 were 2.6 and 5.2,
respectively, which were similar to the enhancement ratios of the deposition in these years. This suggests that an
increased deposition in these years occurred in the form of wet rather than dry deposition.

The concentrations in Sapporo and Rishiri were higher than those of high mountainous sites in North
America®" and European background sites'**, probably reflecting the relative proximity to the intense emission
areas on the Asian continent. Recent extensive surveys in Northeast China have reported much higher BC con-
centrations (measured with an integrating sandwich method) in the surface snowpack®*°. Among the reported
measurements from the mid-latitudes (Supplementary Table S1), the time-series data from the Sapporo snow-
pack samples collected during the winters of 2007-2008 and 2008-2009'"*! overlap with the collection periods
of our data. They show values of 0.01-0.8 and 0.005-10ng g~! EC (thermo-optical reflectance) for the respective
winters (visual read-out from the figure by Aoki et al.'"). The retrieved EC concentrations from the archived filters
for the corresponding periods were 0.7-1.5 and 3.1-6.9ng g™, respectively. Although the lowest concentrations
from the archived filters were several orders of magnitude greater than the corresponding snowpack data, the
highest concentrations were within a factor of two of the snowpack results.

The possible cause of high deposition in 2000 and 2001.  As discussed above, the high deposition
in 2000 and 2001 cannot be explained by the correlation with the annual deposition of nss.SO,>~, nss.K*, and
the collected water volume. These high values were not caused by a contamination in the extraction process
because the colour of the membrane filters collected from the filtering bulk-deposition samplers was already
dark (Supplementary Figs. S3 and S4). For a more detailed observation, seasonal variations in the monthly EC
deposition in Sapporo and Rishiri during 1998-2001 are presented in Fig. 7a-d. The seasonal variation patterns
differed greatly between years, regardless of high deposition years (2000 and 2001) or low deposition years (1998
and 1999). Although the monthly deposition was generally greater in Sapporo than in Rishiri, a higher deposition
in Rishiri was observed in April-May 2001. These spring months are known as the dominant outflow season for
Asian Dust and air pollutants to the North Pacific Ocean®>%. A spring maximum in deposition was also reported
for refractory BC collected at Cape Hedo in Okinawa, a southern background site in Japan, and was attributed
to the coincidence of higher precipitation amounts and higher BC concentrations in the Asian air masses trans-
ported frequently in this season'?.

Therefore, to find the cause of high deposition in a particular season, it is necessary to compare the temporal
change in the concentration of EC in the atmosphere and the deposition flux. However, we do not have atmos-
pheric concentrations of EC in Sapporo and Rishiri that date back to the early 1990s. As an alternative measure,
monthly mean concentrations of suspended particulate matter (SPM, roughly equivalent to PM, ; to PM) in
Sapporo and PM, in Rishiri from 2001 to 2012 are available (Fig. 8). SPM is a regulatory measure of particulate
air pollutants in the ambient quality standards in Japan, and has been monitored in urban areas since the 1970s.
Measurements of PM,,, simultaneously with PM, ;, have started in the beginning of 2001 in a limited number
of air monitoring stations as a trial investigation. In both SPM and PM,, records, extremely large increases in
the concentrations were observed in 2001, 2002, and 2003. Among them, the concentration peak in 2003 can be
attributed to the advection of smoke from Siberian forest fires as mentioned earlier, and those in 2001 and 2002
are regarded as Asian Dust in view of the ratio of PM, 5 and PM,,. In the East Asian countries, the transport of
Asian Dust was active in the years of 2000, 2001, and 2002, and was discussed in connection with the increased
dust storm days in North-Northeastern China®*.
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Figure 7. Seasonal variations in monthly elemental carbon deposition in Sapporo and Rishiri measured in (a)
1998, (b) 1999, (c) 2000, and (d) 2001.

From Fig. 8, it is apparent that the seasonal variation patterns of PM,, and SPM in 2001 surrounded by the
red rectangle are similar to those of the EC deposition shown in Fig. 7(d). In this period, the EC deposition in
Rishiri was active in April, May, and June, while that in Sapporo showed a maximum in February, followed by
a gradual decrease until summer. As a case study, we superimposed the daily precipitation values on the daily
mean concentrations of the particulate matter in Rishiri and Sapporo for the period from February to June 2001
(Fig. 9), during which the deposition patterns of EC differed greatly between the sites. The concurrence of pre-
cipitation and relatively high concentrations (>15 pg m~?) of particulate matter days was dispersed in Rishiri,
whereas that in Sapporo was concentrated in the first half of the period. In Rishiri, a concurrence of precipitation
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Figure 8. Monthly mean concentrations of suspended particulate matter (SPM) in Sapporo and PM,, in Rishiri
from 2001 to 2012.
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arrows indicate the concurrence of the daily mean concentration of particulate matter >15 g m~> and daily
precipitation >0.5 mm, and red arrows indicate the concurrence of the daily mean concentration of particulate
matter >30 pg m~> and daily precipitation >0.5 mm.

and high concentrations of PM,, (>30 pg m~3, marked with red arrows in the figure), presumably the Asian
Dust or a mixture of pollutants and Asian Dust, were observed several times. A rough estimate of the aerosol
size distribution is available in Rishiri as the ratio of PM, ;/PM,, for a limited period. For example, this ratio was
0.11 for the extremely high aerosol concentration on April 10 (PM,: 253 ug m~3), which is a relatively small
value. On the other hand, there were other high aerosol concentration days with larger PM, s/PM,, ratios, such as
March 20 (PM,: 74 pg m 3, PM, 5/PM,,=0.44) and May 15 (PM,: 53 pg m 2, PM,, ;/PM,, = 0.41). These days of
high PM,, concentrations with relatively high PM, ;/PM,, ratios indicate the arrival of Asian Dust accompanied
by pollution-type aerosols predominantly in the PM, 5 range. Asian Dust mixed internally or externally with
pollution-type aerosols has received increasing attention in view of its radiative effect®**”. The wet deposition of
such polluted Asian Dust or pollution-type aerosols in its wake is the probable cause of the increased EC dep-
osition in April and May in Rishiri. On the other hand, the wet deposition of EC in Sapporo was concentrated
in February and March, which coincided with frequent precipitation events. In summary, the pronounced high
EC deposition in 2000 and 2001 is attributable to the wet deposition of Asian Dust, characteristically active in
these years, and the simultaneous transport of pollution-type aerosols. An open question in this interpretation
might be related to why the deposition of nss.SO,>~ was not notable in these years as compared to that of EC. A
probable cause for this observation might be that while initially emitted EC with a hydrophobic nature gradually
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acquires hydrophilicity with transport time, nss.SO,?" is totally water-soluble from the beginning of the trans-
port. Thereby, nss.SO,*~ is preferentially removed from the atmosphere during the whole long-range transport
via acting as cloud condensation nuclei and subsequent wet-deposition, while EC transported simultaneously can
survive in the atmosphere and wet-deposit relatively far from the emission sources.

Based on comparisons with three other independent measurements, i.e., the deposition fluxes in Niigata and
Cape Hedo, and the concentrations in the Sapporo snowpack, we believe that our measurements are reliable.
The novel finding of this study is that EC deposition had a large interannual variation at the endpoint of the
long-range transport, which exceeded the variations in other source marker substances, such as nss.SO,*". In
studies evaluating the radiative forcing induced by BC in surface snow and ice, global transport models have
been used to estimate BC and/or other light-absorbing aerosol concentrations in precipitation or the surface
snowpack®®-. Deposition fluxes derived from these models are, as a regular procedure, compared and validated
by observations available at the time. In view of our results, validating or tuning models using observational data
from single-shot or one-season sampling may lead to erroneous results.

Data availability
The data used in this study, except those included in this published article and its Supplementary Information
files, are available by contacting the corresponding author on reasonable request.

Received: 22 August 2019; Accepted: 21 February 2020;
Published online: 18 March 2020

References
1. Warren, S. G. & Wiscombe, W. J. A Model for the spectral albedo of snow. II: Snow containing atmospheric aerosols. J. Atmos. Sci.
37,2734-2745 (1980).

. Grenfell, T. C., Perovich, D. K. & Ogren, J. A. Spectral albedos of an alpine snowpack. Cold Reg. Sci. Tech. 4, 121-127 (1981).

. Warren, S. G. Optical properties of snow. Rev. Geophys. 20, 67-89 (1982).

. Chylek, P, Ramaswamy, V. & Srivastava, V. Albedo of soot-contaminated Snow. J. Geophys. Res. -Oceans 88, 837-843 (1983).

. Qian, Y, Gustafson, W. I, Leung, L. R. & Ghan, S. J. Effects of soot-induced snow albedo change on snowpack and hydrological cycle
in western United States based on weather research and forecasting chemistry and regional climate simulations. J. Geophys.
Res.—Atmos. 114, D03108 (2009).

6. Clarke, A. D. & Noone, K. J. Soot in the arctic snowpack -a cause for perturbations in radiative-transfer. Atmos. Environ. 19,
2045-2053 (1985).

7. Doherty, S. J., Warren, S. G., Grenfell, T. C., Clarke, A. D. & Brandt, R. E. Light-absorbing impurities in Arctic snow. Atmos. Chem.
Phys. 10, 11647-11680 (2010).

8. Cadle, S. H. & Dasch, ]. M. Wintertime concentrations and sinks of atmospheric particulate carbon at a rural location in Northern
Michigan. Atmos. Environ. 22, 1373-1381 (1988).

9. Dasch, J. M. & Cadle, S. H. Atmospheric carbon particulates in the Detroit urban area - Wintertime sources and sinks. Aerosol Sci.
Technol. 10, 236-248 (1989).

10. Cerqueira, M. et al. Particulate carbon in precipitation at European background sites. J. Aerosol Sci. 41, 51-61 (2010).

11. Aoki, T. et al. Physically based snow albedo model for calculating broadband albedos and the solar heating profile in snowpack for
general circulation models. J. Geophys. Res. -Atmos. 116, D11114 (2011).

12. Mori, T. et al. Wet deposition of black carbon at a remote site in the East China Sea. J. Geophys. Res. -Atmos. 119, 10485-10498
(2014).

13. Armalis, S. Wet deposition of elemental carbon in Lithuania. Sci. Total Environ. 239, 89-93 (1999).

14. Ming, J. et al. Black carbon record based on a shallow Himalayan ice core and its climatic implications. Atmos. Chem. Phys. 8,
1343-1352 (2008).

15. Ginot, P. et al. A 10 year record of black carbon and dust from a Mera Peak ice core (Nepal): variability and potential impact on
melting of Himalayan glaciers. Cryosphere 8, 1479-1496 (2014).

16. Kaspari, S. D. et al. A. Recent increase in black carbon concentrations from a Mt. Everest ice core spanning 1860-2000 AD. Geophys.
Res. Lett. 38,104703 (2011).

17. Liu, X,, Xu, B., Yao, T., Wang, N. & Wu, G. Carbonaceous particles in Muztagh Ata ice core, West Kunlun Mountains, China. Chin.
Sci. Bull. 53, 3379-3386 (2008).

18. Xu, B. Q. et al. Deposition of anthropogenic aerosols in a southeastern Tibetan glacier. J. Geophys. Res. -Atmos. 114, D17209 (2009).

19. Matthew, J. et al. Plateau Geladaindong black carbon ice core record (1843-1982): Recent increases due to higher emissions and
lower snow accumulation. Adv. Clim. Change Res. 7,132-138 (2016).

20. Wang, M. et al. Century-long record of black carbon in an ice core from the Eastern Pamirs: Estimated contributions from biomass
burning. Atmos. Environ. 115, 79-88 (2015).

21. Lavanchy, V. M. H., Gaggeler, H. W, Schotterer, U., Schwikowski, M. & Baltensperger, U. Historical record of carbonaceous particle
concentrations from a European high-alpine glacier (Colle Gnifetti, Switzerland). . Geophys. Res. -Atmos. 104, 21227-21236 (1999).

22. Jenk, T. M. et al. Radiocarbon analysis in an Alpine ice core: record of anthropogenic and biogenic contributions to carbonaceous
aerosols in the past (1650-1940). Atmos. Chem. Phys. 6, 5381-5390 (2006).

23. Legrand, M. et al. Major 20th century changes of carbonaceous aerosol components (EC, WinOC, DOC, HULIS, carboxylic acids,
and cellulose) derived from Alpine ice cores. J. Geophys. Res. ~Atmos. 112, D23S11 (2007).

24. Thevenon, F, Anselmetti, F. S., Bernasconi, S. M. & Schwikowski, M. Mineral dust and elemental black carbon records from an
Alpine ice core (Colle Gnifetti glacier) over the last millennium. J. Geophys. Res. ~Atmos. 114, D17102 (2009).

25. Legrand, M. et al. Boreal fire records in Northern Hemisphere ice cores: a review. Clim. Past 12, 2033-2059 (2016).

26. Penner, J. E., Eddleman, H. & Novakov, T. Towards the development of a global inventory for black carbon emissions. Atmos.
Environ. Part A 27, 1277-1295 (1993).

27. Cooke, W. E. & Wilson, J. J. N. A global black carbon aerosol model. J. Geophys. Res. —Atmos. 101, 19395-19409 (1996).

28. Cooke, W. E, Liousse, C., Cachier, H. & Feichter, J. Construction of a 1 degrees x 1 degrees fossil fuel emission data set for
carbonaceous aerosol and implementation and radiative impact in the ECHAM4 model. J. Geophys. Res. —-Atmos. 104, 22137-22162
(1999).

29. Tamaki, M., Hiraki, T. & Akikawa, M. Acid deposition monitoring technology in Japan. Global Environmental Research 4, 25-38,
http://www.airies.or.jp/attach.php/6a6£75726e616c530342d31656e67/save/0/0/04_1-04.pdf (2000).

30. Noguchi, I. & Hara, H. Tonic imbalance due to hydrogen carbonate from Asian dust. Atmos. Environ. 38, 6969-6976 (2004).

31. Chow, J. C. et al. The DRI thermal/optical reflectance carbon analysis system: description, evaluation and applications in USAir
quality studies. Atmos. Environ. Part A 27,1185-1201 (1993).

G W N

SCIENTIFIC REPORTS |

(2020) 10:4520 | https://doi.org/10.1038/s41598-020-61067-2


https://doi.org/10.1038/s41598-020-61067-2
http://www.airies.or.jp/attach.php/6a6f75726e616c5f30342d31656e67/save/0/0/04_1-04.pdf

www.nature.com/scientificreports/

32.

33.
34,

35.

36.

37.

38.
39.

40.

41.

42,

43.

44.
45.

46.

47.
48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.
60.

Cachier, H., Bremond, M. P. & Buat-Menard, P. Determination of atmospheric soot carbon with a simple thermal method. Tellus B
41, 379-390 (1989).

Ogren, J. A., Charlson, R. J. & Groblicki, P. J. Determination of elemental carbon in rainwater. Anal. Chem. 55, 1569-1572 (1983).
Hadley, O. L., Corrigan, C. E., Kirchstetter, T. W., Cliff, S. S. & Ramanathan, V. Measured black carbon deposition on the Sierra
Nevada snow pack and implication for snow pack retreat. Atmos. Chem. Phys. 10, 7505-7513 (2010).

Aamaas, B. et al. Elemental carbon deposition to Svalbard snow from Norwegian settlements and long-range transport. Tellus B 63,
340-351 (2011).

Torres, A., Bond, T. C., Lehmann, C. M. B,, Subramanian, R. & Hadley, O. L. Measuring organic carbon and black carbon in
rainwater: Evaluation of methods. Aerosol Sci. Technol. 48, 239-250 (2014).

Pu, Z., Zhang, Q. & Streets, D. G. Sulfur dioxide and primary carbonaceous aerosol emissions in China and India, 1996-2010.
Atmos. Chem. Phys. 11,9839-9864 (2011).

Wang, R. et al. Black carbon emissions in China from 1949 to 2050. Environ. Sci. Tech. 46, 7595-7603 (2012).

Kaneyasu, N. et al. Chemical and optical properties of 2003 Siberian forest fire smoke observed at the summit of Mt. Fuji, Japan. J.
Geophys. Res. —~Atmos. 112, D13214 (2007).

Ikemori, E,, Honjyo, K., Yamagami, M. & Nakamura, T. Influence of contemporary carbon originating from the 2003 Siberian forest
fire on organic carbon in PM2.5 in Nagoya, Japan. Sci. Total Environ. 530-531, 403-410 (2015).

Ikeda, K. & Tanimoto, H. Exceedances of air quality standard level of PM2.5 in Japan caused by Siberian wildfires. Environ. Res. Lett.
10, 105001 (2015).

Yasunari, T. J. et al. Extreme air pollution events in Hokkaido, Japan, traced back to early snowmelt and large-scale wildfires over
East Eurasia: Case studies. Sci. Rep. 8, 6413 (2018).

Ogren, J. A., Groblicki, P. J. & Charlson, R. J. Measurement of the removal rate of elemental carbon from the atmosphere. Sci. Total
Environ. 36, 329-338 (1984).

Ogren, J. A. & Charlson, R. J. Wet deposition of elemental carbon and sulfate in Sweden. Tellus B 36B, 262-271 (1984).

Sase, H. et al. Deposition process of sulfate and elemental carbon in Japanese and Thai forests. Asian J. Atmospheric Environ. 6,
246-258, https://doi.org/10.5572/ajae.2012.6.4.246 (2012).

Jurado, E., Dachs, J., Duarte, C. M. & Simo, R. Atmospheric deposition of organic and black carbon to the global oceans. Atmos.
Environ. 42,7931-7939 (2008).

Chylek, P. et al. Aerosol and graphitic carbon content of snow. J. Geophys. Res. —Atmos. 92, 9801-9809 (1987).

Ducret, J. & Cachier, H. Particulate carbon content in rain at various temperate and tropical locations. J. Atmos. Chem. 15, 55-67
(1992).

Wang, X., Doherty, S. J. & Huang, J. Black carbon and other light-absorbing impurities in snow across Northern China. J. Geophys.
Res. -Atmos. 118, 1471-1492 (2013).

Pu, W. et al. Properties of black carbon and other insoluble light-absorbing particles in seasonal snow of northwestern China.
Cryosphere 11, 1213-1233 (2017).

Kuchiki, K., Aoki, T., Tanikawa, T. & Kodama, Y. Retrieval of snow physical parameters using a ground-based spectral radiometer.
Appl. Opt. 48, 5567-5582 (2009).

Uematsu, M. et al. Transport of mineral aerosol from Asia Over the North Pacific Ocean. J. Geophys. Res. -Oceans 88, 5343-5352
(1983).

Parrington, J. R., Zoller, W. H. & Aras, N. K. Asian dust: Seasonal transport to the Hawaiian Islands. Science 220, 195-197 (1983).
Kurosaki, Y. & Mikami, M. Recent frequent dust events and their relation to surface wind in East Asia. Geophys. Res. Lett. 30, (14)
(2003).

Nagashima, K. et al. Asian dust transport during the last century recorded in Lake Suigetsu sediments. Geophys. Res. Lett. 43,
2835-2842 (2016).

Tian, P. et al. Radiative absorption enhancement of dust mixed with anthropogenic pollution over East Asia. Atmos. Chem. Phys. 18,
7815-7825 (2018).

Sugimoto, N., Nishizawa, T., Shimizu, A., Matsui, I. & Kobayashi, H. Detection of internally mixed Asian dust with air pollution
aerosols using a polarization optical particle counter and a polarization-sensitive two-wavelength lidar. J. Quant. Spectrosc. Ra. 150,
107-113 (2015).

Flanner, M. G., Zender, C. S., Randerson, J. T. & Rasch, P. J. Present-day climate forcing and response from black carbon in snow. J.
Geophys. Res. -Atmos. 112, D11202 (2007).

Koch, D. et al. Distinguishing Aerosol Impacts on Climate over the Past Century. J. Clim. 22, 2659-2677 (2009).

Yasunari, T. J., Koster, R. D., Lau, W. K. M. & Kim, K. M. Impact of snow darkening via dust, black carbon, and organic carbon on
boreal spring climate in the Earth system. J. Geophys. Res. ~Atmos. 120, 5485-5503 (2015).

Acknowledgements
This work was supported by JSPS KAKENHI Grant Number JP24510028.

Author contributions

N.K. designed the study, analysed the data, generated the figures, and wrote the manuscript. T.Y. and I.N. acquired
the deposition filter samples and performed chemical analyses of precipitation collected in JADS. N.K. and K.M.
extracted and analysed the EC collected on filter samples, and EI. carried out the experiments on the particle
transmission efficiency of the membrane filters. T.J.Y. contributed to data interpretation and evaluation, and the
revision of the manuscript. N.M. supervised the whole study. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-61067-2.

Correspondence and requests for materials should be addressed to N.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:4520 | https://doi.org/10.1038/s41598-020-61067-2


https://doi.org/10.1038/s41598-020-61067-2
https://doi.org/10.5572/ajae.2012.6.4.246
https://doi.org/10.1038/s41598-020-61067-2
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:4520 | https://doi.org/10.1038/s41598-020-61067-2


https://doi.org/10.1038/s41598-020-61067-2
http://creativecommons.org/licenses/by/4.0/

	A twenty-year deposition record of elemental carbon in Northern Japan retrieved from archived filters

	Methods

	Sampling apparatus and sites. 
	Extraction and analytical procedures. 

	Results and Discussion

	Interannual variation in deposition flux. 
	EC concentrations in collected water. 
	The possible cause of high deposition in 2000 and 2001. 

	Acknowledgements

	Figure 1 Schematic showing the concept of this study.
	Figure 2 Map of the study region in East Asia.
	Figure 3 Annual bulk deposition of elemental carbon (TOT-IMPROVE) in Sapporo and Rishiri from 1993 to 2012.
	Figure 4 Annual bulk deposition of non–sea salt (nss.
	Figure 5 Relationship of annual elemental carbon (EC) deposition in Sapporo with (a) non–sea salt (nss.
	Figure 6 Monthly mean concentrations of elemental carbon (TOT-IMPROVE) in the collected water in Sapporo and Rishiri from 1996 to 2012.
	Figure 7 Seasonal variations in monthly elemental carbon deposition in Sapporo and Rishiri measured in (a) 1998, (b) 1999, (c) 2000, and (d) 2001.
	Figure 8 Monthly mean concentrations of suspended particulate matter (SPM) in Sapporo and PM10 in Rishiri from 2001 to 2012.
	Figure 9 (a) Daily precipitation and daily mean concentration of PM10 from February to June 2001, in Rishiri.




