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Abstract

An integrated understanding of the global carbon cycle provides basic
information on how ecosystems work, which helps to predict and prepare the effects
of future climate changes. The global flux of dissolved organic carbon (DOC) from
the atmosphere to the land surface via precipitation is estimated to be 0.3-0.5 Pg yr”,
which is comparable to the global riverine DOC load. Although precipitation DOC
has been recognized as one of the essential components in most carbon cycle models,
the sources of atmospheric organic carbon entering the terrestrial ecosystem have
been rarely investigated. In this study, radiocarbon (**C) and stable carbon (**C)
isotopes were used to trace the sources of organic carbon in precipitation,
atmospheric particulate matter, and throughfall.

In previous studies, the A"C of DOC in rain or snow was negative
indicating an input of relatively old organic carbon including fossil fuels, with only
a few positive values up to +108%o showing the signal of recent photosynthesis.
However, here I report surprisingly high A"*C-DOC in bulk precipitation, more than
1,000%o0 in Seoul, South Korea, especially when the Northwesterly wind blows
during winter. In contrast, A'*C of particulate organic carbon (POC) in bulk
precipitation was negative, indicating that the sources of POC and DOC were
different. Although the sources of the high A'*C-DOC are not clear and future studies
on them are required, the relatively high A'*C-DOC in a nearby headwater stream
suggests that precipitation DOC has the potential to affect the local carbon cycle, and
that stream DOC derived from terrestrial ecosystems could be older than previously
thought. The analysis of A"C-DOC of precipitation in many other locations is
necessary to understand how long carbon stays in terrestrial ecosystems.

The carbon isotope ratios of DOC in precipitation can be changed as it
moves through the forest canopy. Forests can be not only the most significant
interceptors of atmospheric fine particulate matter (PM,s), but also may increase
concentration of PM»s via formation of secondary aerosols by emitting biogenic
volatile organic compounds. Therefore, the role of biogenic emissions in the
formation of PM> 5 and the different sources of PM> s in forests and urban areas have
yet to be investigated. Dual carbon isotope and levoglucosan analyses are powerful

tools to track the sources of total carbon (TC) in PMs. I collected a total of 47 PM3 s
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samples from August 2019 to December 2020 inside a pine forest and in urban areas
in South Korea. The average §'°C and A"C of TC in PM, s at the Tachwa Research
Forest (TRF) were -25.7 and -380.7%o, respectively, which were not significantly
different from those collected at Seoul National University (SNU) in the urban areas.
The contribution of fossil fuel, C3-, and C4- plants to carbonaceous component of
PM, s were 52, 27, and 21% at SNU, respectively, whereas those were 46, 35, and
19% at TRF, respectively. The mean concentration of TC in PM,s was 9.7 pg C m”
at SNU, which was about two times larger than that inside the forest at TRF. The
biomass burning tracer, levoglucosan, was most abundant in winter and correlated
with the contribution of C4 plants derived carbon. The results indicate that biogenic
emission of aerosols from trees is less likely to be an important source of PM» 5 and
that trees can act as a bio-filter to reduce PMa .

Throughfall DOC in a forest can be derived from canopy leaching or
desorption of dry-deposited atmospheric particulate matter (PM) from leaves.
Previous studies have reported concentrations and fluxes of throughfall DOC, but
tracing the sources of throughfall DOC is relatively rare although identifying the
sources of throughfall DOC is critical to understand how forest ecosystem works.
These sources of throughfall DOC can be traced using carbon isotope analysis. I
have collected rainwater, atmospheric PM, s and throughfall in a pine and an oak
forest in South Korea from March to November in 2021. The mean concentration of
DOC in throughfall was 7.9 + 3.3 (mean + standard deviation, n= 6) mg L', which
was about six times larger than that in rainfall. The average §'"°C and A'C of DOC
in throughfall were -26.1 and -38.2%., respectively, which were contrastingly higher
than those in rainwater or PM, s, indicating that recently photosynthesized organic
carbon is leached from tree canopy. Mass balance estimates showed that the
contribution of canopy leaching to the concentration of DOC in throughfall was
about 84%, while only ~3% and 13% of DOC in throughfall were accounted for
desorption of PM» s from tree canopy and direct rainfall, respectively. The results
clearly indicate that canopy leaching from plants is the most important pathway of
carbon input to the forest floor with relatively little contribution by desorption of

PM; 5 on leaves.
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Chapter 1. Introduction

Precipitation connects the atmosphere and terrestrial ecosystems. The
global wet depositional flux of dissolved organic carbon (DOC) to the Earth’s land
surface is estimated to be 0.3-0.5 Pg yr'' (Iavorivska et al., 2016; Willey et al., 2000)
which is comparable to the global riverine DOC load of 0.2-0.4 Pg yr' (Dai et al.,
2012). Although the precipitation DOC has not been explicitly included in most
carbon cycle models (lavorivska et al., 2016; Willey et al., 2000), it is potentially
biodegradable to support productivity in terrestrial ecosystems (lavorivska et al.,
2017). Thus, investigation of the sources and biogeochemical properties of DOC in
rain and snow is essential to improve the global carbon cycle models.

The global emission of organic carbon is approximately 1.35 Pg C yr'
(Goldstein and Galbally, 2007; Hallquist et al., 2009). Secondary organic aerosols
(SOAs) dominate this budget, approximately 1.3 Pg C yr ' (Goldstein and Galbally,
2007). SOAs are formed by the atmospheric oxidation products of volatile organic
compounds (VOCs). One-third of the VOC emission is estimated to be isoprene
emitted from trees (Arnold et al., 2009). Therefore, there is a concern that significant
biogenic emissions contribute to atmospheric aerosol formation (e.g., PM;s).

However, trees can remove atmospheric PM, s by directly adsorbing PM; s
on the surface of leaves and branches, and by absorbing some of the PM 5 through
the stomata (Nowak et al., 2014; Nguyen et al., 2015). The mean annual PM; 5 levels
removed by trees in the urban areas are estimated at 0.27 and 0.15 g m™ in the
conterminous United States and in 86 Canadian cities, respectively (Nowak et al.,
2014 and 2018). These contrasting views question of their relative importance in the
formation of PM,s.

Although some studies on total carbon (TC) in PM, s have been conducted
in East Asia, typically in urban area, they used only 8"°C (not including A'*C),
different kind of dual isotopes (8"*C and §"°N), or only during a limited season not
over an entire year (Kundu and Kawamura, 2014; Lim et al., 2019). Atmospheric
PM, 5 globally affects human health, radiative forcing, and climate change (Wang et
al., 2014; Xing et al., 2015). Thus, investigation of the sources of TC in PM,5s is
essential to develop urban forest management and understand the global carbon cycle

models.



Forests cover approximately 30% of the Earth’s land area (FAO and UNEP,
2020) and are the most significant interceptors of precipitation and atmospheric
particulate matters (Bittar et al., 2018; Nowak et al., 2014). Therefore, the
concentrations and properties of DOC in precipitation can be changed as it moves
through the forest canopy (Kopacek et al., 2009; Tobodn et al., 2004; Van Stan et al.,
2012). Precipitation passing through the tree canopy is called throughfall.

Throughfall can transport a large amount of DOC into the forest floor,
ranging from 2.1-48.0 g m™ yr' in temperate forests (McDowell et al., 2020 and
references therein), through which leachable solutes and airborne particles on plant
surfaces can be solubilized in throughfall (Chiwa et al., 2003; McDowell et al., 2020;
Schulze et al., 2011). Throughfall DOC can serve as an energy source of carbon to
microorganisms in the forest floor (Qualls and Haines, 1992) and influence on forest
ecosystems (Bischoff et al., 2015; Chen et al., McDowell et al., 2020). Despite
significant fluxes and bioavailability of throughfall DOC, little is known about the
sources of throughfall DOC which include leaching from leaves, desorption of dry-
deposited PM; s, and rain DOC.

Dual carbon isotope analysis (3'°C and A'*C) is useful for understanding
carbon pathways. The stable carbon isotope ratio (5'°C) is commonly used in ecology
(Larsen et al., 2018). §"*C can provide information on carbon sources (i.e., C3 and
C4 plants) because of their distinct isotopic fractionation (Ni et al., 2018; Mo et al.,
2021). Nevertheless, it can be challenging to extract source-specific information
from "*C analysis alone due to comparable isotope ratios across possibly among
different sources.

To overcome this limitation, radiocarbon ('*C) has been used in various
reservoirs, such as plants, soils, and oceans, in the global carbon cycle (Larsen et al.,
2018; Raymond et al., 2005; Schulze et al., 2009). 1C is a natural cosmogenic
nuclide that decays to "*N with a half-life of 5,730 years. The radiocarbon isotope
ratio (A'C) is a powerful tracer for distinguishing fossil-fuel-derived carbon (old)
from recently photosynthesized carbon (modern). In other words, all '*C atoms have
completely decayed in fossil fuels (A'*C= —1,000%o), while the '*C signal remains
constant in living organisms. Despite its usefulness, the changes in §'°C and A'*C of
precipitation, atmospheric fine particles and throughfall have been measured in only

a few regions.



The present study contributes to increasing knowledge regarding the impact
of atmospheric OC on the terrestrial ecosystem based on field observations
conducted in urban and forest areas in South Korea. This study considers
comprehensive samples of precipitation, PM>s and throughfall to provide a broad
picture of atmospheric carbon inputs into the terrestrial ecosystem. It focuses on the
sources and concentrations of OC in such samples using dual carbon isotope analysis
(8"°C and A™C) and ancillary methods, such as levoglucosan and optical analyses.

The specific objectives of this study are as follows:

(1) to understand the dynamics of DOC and POC in bulk precipitation for a
full year under Asian monsoon climates using A'*C and optical analysis,
and to provide its implications for the carbon cycle (Chapter 2);

(2) to investigate the seasonal variation in the concentrations of total carbon
(TC) including organic and elemental carbon in PM,s, to compare
carbon isotope ratios (8"°C and A'*C) between a pine forest and urban
area, and to track the sources of TC in PM, s by analyzing §"°C, A'C,
and levoglucosan concentrations (Chapter 3);

(3) to trace the three key sources of DOC in throughfall in the context of
hydrological processes: DOC in direct rainfall (i.e., free throughfall),
DOC by desorption of atmospheric fine particulate matter (PM>s), and
DOC leached from plants (Chapter 4).



Chapter 2. High dissolved organic radiocarbon in
precipitation during winter and its implication on the

carbon cycle

Abstract

Radiocarbon (*C) analysis is a powerful tool for tracing carbon in the
global carbon cycle. Precipitation is a component of the global carbon cycle through
which dissolved organic carbon (DOC) enters terrestrial and aquatic ecosystems
from the atmosphere. In previous studies, the A'*C of DOC in rain or snow was
negative indicating an input of relatively old organic carbon including fossil fuels,
with only a few positive values up to +108%. showing the signal of recent
photosynthesis. However, here 1 report surprisingly high AC-DOC in bulk
precipitation, more than 1,000%0 in Seoul, South Korea, especially when the
Northwesterly wind blows during winter. In contrast, A'"*C of particulate organic
carbon (POC) in bulk precipitation was negative, indicating that the sources of POC
and DOC were different. Although the sources of the high A*C-DOC are not clear
and future studies on them are required, the relatively high A'"*C-DOC in a nearby
headwater stream suggests that precipitation DOC has the potential to affect the local
carbon cycle, and that stream DOC derived from terrestrial ecosystems could be
older than previously thought. The analysis of A"*C-DOC of precipitation in many
other locations is necessary to understand how long carbon stays in terrestrial

ecosystems.

Keywords: Precipitation; Radiocarbon; Dissolved organic carbon; Terrestrial

ecosystem



2.1. Introduction

The global wet depositional flux of DOC to the Earth land surface is
estimated to be 0.3-0.5 Pg yr'' (Iavorivska et al., 2016; Willey et al., 2000) which is
comparable to the global riverine DOC load of 0.2-0.4 Pg yr' (Dai et al., 2012).
Although the precipitation DOC has not been explicitly included in most carbon
cycle models (lavorivska et al., 2016; Willey et al., 2000), it is potentially
biodegradable to support productivity in terrestrial ecosystems (lavorivska et al.,
2017). Thus, investigation of the sources and biogeochemical properties of DOC in
rain and snow is essential to improve the global carbon cycle models.

Radiocarbon has been used to trace the source of DOC in precipitation.
However, the A"C-DOC in precipitation has been measured only in the eastern
United States and eastern Asia (Avery et al., 2006; Raymond, 2005; Wang et al.,
2016; Yan and Kim, 2017). In the eastern U.S., the A'*C-DOC of bulk precipitation
ranged from -653 to +108%o (Avery et al., 2006; Raymond, 2005). In eastern China
under monsoon climates, the A'*C-DOC of bulk precipitation in 2014 ranged from
-494 to -153%0 when the airmass was transported from the continent, while it ranged
from -278 to -23%o when the airmass moved from the Yellow Sea and the East China
Sea (Wang et al., 2016). In Seoul, Korea, the A"C of an extracted component
(dissolved humic-like substance) of bulk precipitation during 2012-2013 ranged
from -246 to -18%o (Yan and Kim, 2017). The relatively low A'*C-DOC in the above
studies suggests that the bulk precipitation or its extracted component could contain
DOC derived from fossil fuels, especially during winter.

Precipitation goes through forest canopy and infiltrates soil horizons,
subsequently providing allochthonous DOC in streams and rivers. The relationship
between the riverine A'*C-DOC and the amount of precipitation has been
investigated, and showed that the riverine A'*C-DOC is positively correlated with
mean annual precipitation (Butman et al., 2015). This suggests that relatively young
DOC can be released from watersheds receiving large amount of precipitation.
However, precipitation itself may already have significantly modern DOC (i.e., high
A™C-DOC) influencing the stream and riverine A'*C-DOC.

The AC-DOC in precipitation may not be directly reflected in A'*C-DOC

in streams and rivers, because streams and rivers cover only a small part of the



corresponding watershed area. The ratio of the surface area of the streams and rivers
to that of non-glaciated lands on earth was estimated to be 0.6% (Allen and Pavelsky,
2018). Seasonal variations of A"C-DOC in precipitation under monsoon climates
may influence streams more directly in hilly or mountainous watersheds, where
water residence time is shorter than that of flat areas. Furthermore, while A"*C-DOC
or AC-TOC (unfiltered total organic carbon) in precipitation has been measured in
eastern U.S. and eastern Asia (Avery et al., 2006; Raymond, 2005; Wang et al., 2016;
Yan and Kim, 2017), the A'*C-DOC and AC-POC collected at the same time have
never been compared, even though they can indicate the sources of the organic
carbon in precipitation. The objectives of this study are to understand the dynamics
of DOC and POC in bulk precipitation for a full year under Asian monsoon climates

using A'"C and optical analysis, and to provide its implications for the carbon cycle.



2.2. Methods and materials

2.2.1. Study site and sample collection

The precipitation samples were collected from Dec. 30, 2015 to Feb. 22,
2017 on the rooftop of a building (Graduate School of Environmental Studies) in the
Seoul National University (SNU) campus (Figure 2.1). The SNU is located on a hilly
landscape in southern Seoul, which is the capital and largest metropolis of South
Korea, with about 10 million people residing in a 605 km? area. It is approximately
30 km east of the Yellow Sea, which is located between mainland China and the
Korean peninsula (Figure 2.1). There were no potential contamination sources near
the sampling site, or any critical emission sources (e.g. smokestack) in the close-by
locale (Yan and Kim, 2012). The sampling period is considered to be a dry year, with
a total precipitation of 1,020 mm over the entire study period, compared to the thirty-
year (1981-2010) mean of annual precipitation of 1,451 mm (Korea Meteorological
Administration, https://data.kma.go.kr). In this study, 97% of the total precipitation

over the study periods was collected.
126°50'E
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Figure 2.1. Precipitation sampling site (yellow circle) in the SNU campus and a
nearby stream sampling site (red circle) in Seoul, South Korea. Water flows from the
Dorim stream in the hilly area through the urban area to the Han River. The satellite
map is downloaded from the “V world” website (http://map.vworld.kr) provided by
the Korean Ministry of Land, Infrastructure and Transport.
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Precipitation samples (rain and snow) were directly collected in 10 L glass
beakers, which to avoid "*C contamination in the bottles were pre-baked at 400 °C
for 4 hours (Raymond, 2005; Yan and Kim 2012). The beakers were placed on a table
(80 cm above the rooftop) within 6 hours preceding precipitation, and then collected
within 6 hours of precipitation termination, to minimize the effect of dry deposition
on precipitation samples (Raymond, 2005; Yan and Kim 2012). The precipitation
samples were filtered using pre-baked GF/F filters (pore size: 0.7 um) at 400 °C for
4 hours, then transferred to acid-washed 1 L polycarbonate bottles, and immediately
frozen for isotopic analysis of DOC. An aliquot of each sample was stored in a
refrigerator, and used for concentration analysis of DOC. The GF/F filters were
wrapped in a pre-baked aluminum foil, and kept frozen, until concentration and
isotopic analysis for POC.

The stream water samples in the Dorim stream have been collected weekly
since Apr. 1, 2016. The sampling site is one kilometer distance from the precipitation
sampling site (Figure 2.1). The Dorim stream is a headwater stream in a forested
watershed. All weekly samples were filtered by using pre-baked GF/F filters, and
immediately frozen in pre-acid washed polycarbonate bottles. Each weekly sample
of 200 or 250 mL was composited to make a representative 1 L monthly sample for
Apr., Aug., Sep., and Dec. The samples were analyzed for A*C using the same

method as for the precipitation DOC described below.



2.2.2. Concentration of organic carbon and A'C analysis

The concentration of DOC ([DOC]) in the precipitation was measured by
the high temperature catalytic oxidation method (680 °C), using a Shimadzu TOC-
VCPH analyzer (Shimadzu Corporation, Tokyo, Japan). The concentration of POC
([POC]) in the precipitation was measured by an SSM 5000A (Shimadzu
Corporation, Japan). Half of the filters were dried at 50 °C for 12 hours to remove
moisture, and then fumigated on the pre-baked glass dish with 35% hydrochloric
acid in a desiccator for 4—6 hours to remove particulate inorganic carbon (Komada
et al., 2008).

To account for the influence of precipitation volume on concentration, the
volume-weighted mean (VWM) concentrations were calculated as (X7 X;P;)/
2P where X; and P; are the concentration of organic carbon and the
precipitation amount, respectively, for each precipitation event i, and » is the number
of annual or seasonal precipitation events from March 2016 to February 2017.
Climatic seasons were defined as follows: spring is March—May, summer is June—
August, fall is September—November, and winter is December—February.

For DOC isotopic analysis, 70 to 500 mL of each sample was transferred to
a pre-baked quartz reaction tube. The sample was acidified to pH 2 with 40%
phosphoric acid, and sparged with ultra-high purity helium gas, to remove any
inorganic carbon. The remaining DOC was then oxidized using a high-energy UV
lamp in the presence of O,. The resulting CO, was cryogenically separated in a
vacuum extraction line, and then sent to the National Ocean Sciences Accelerator
Mass Spectrometry (NOSAMS) at Woods Hole, USA for isotopic analysis. For POC
isotopic measurement, the residues on the GF/F filters were first acidified with 10%
high purity HCI to remove inorganic carbon, and then dried at 50 °C (Wang et al.,
2016; Wei et al., 2010; Zhang et al., 2016). Each dried filter was put in a pre-baked
glass tube, and then sent to NOSAMS facility. The AC-POC of precipitation was
measured over the entire year for the first time in this study.

Swipe tests were conducted to check radiocarbon contamination of the
laboratory (e.g. doorknobs, ovens, refrigerators, fume hoods). A pre-baked GF/F
filter was moistened with HPLC grade isopropyl alcohol, and was rubbed over the
surface area of the lab, then placed in a pre-baked glass container, and sent to

NOSAMS. The A™C of the filter was negative, -434.53%o, indicat:ling no 14CI=
9 2]



contamination of the lab to make the enriched A"C-DOC in the precipitation. The
IAEA-C8 oxalic acid was used routinely as a reference standard material, and
showed no evidence of '*C contamination. No '*C labeled compound or reagent has
ever been used or handled in the laboratory, or in the building. A total of 117 samples
have been processed for '*C analysis in our laboratory since 2013, and before this
study, the A'C has never exceeded 70%o. The purchase history of “C-labelled
compounds from Dec., 2015 to Feb., 2017 in the other buildings on the SNU campus
are listed in Table 2.1, and these compounds were well-sealed and stored at the

proper place.

Table 2.1. The purchase history of '*C-labelled compounds on the campus during or
within the month of the precipitation sampling period. The labs which purchased the

compounds are at least 1 km distance from the precipitation sampling site.

Chemical Catalog Number Compan Purchase Purpose
Structure of products pany Date P
Tryptophan, . Enzyme
L [side chain-3-  NEC367-50uCi ornEIMer 7667016 response
14 LifeScience .
C] experiment
. . Enzyme
Isoleucine, . PerkinElmer
L-[C(U)] NEC278E-50uCi LifeScience 05/31/2016 response
experiment
American Protein-C14
[1-*C] acetic . Radiolabeled acetate
acid sodium salt MC1394-250uCi Chemicals, 01/13/2016 reaction
Inc. experiment
Tryptophan, . Enzyme
L-[side chain-3- NEC367-10pCi L CKInEIMEr 01 0n015 response
14 LifeScience .
C] experiment
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2.2.3. Optical analysis

Optical characteristics of DOM were measured in 1.0 cm quartz cells on,
or within a week of, the sampling date. UV—Vis absorbance was measured by a Cary
300 UV-Visible spectrophotometer (Agilent Technologies, Santa Clara, CA, USA)
between 200 and 750 nm at 1 nm wavelength intervals, using Milli-Q deionized
water as the blank. SUVA»s4 was calculated by dividing the UV absorbance at 254
nm by the DOC concentration, which is a useful proxy for the aromatic carbon
content (Weishaar et al., 2003). HIX was determined as the ratio between the sum of
emission intensity of 435-480 and 300-345 nm, with excitation at 255 nm (Zhang
et al., 2014).

The fluorescence excitation-emission matrix (EEM) was produced by
scanning the fluorescence intensities using a Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) across excitation
wavelengths of 240—450 nm at 5 nm intervals, and emission wavelengths of 300—
600 nm at 2 nm intervals. The methods for intensity normalization and correction of
EEM followed the method in Shin et al.,, 2016. The parallel factor analysis
(PARAFAC) was employed to decompose the overlapped peaks of EEMs into
individual fluorophores (fluorescence components) in MATLAB (The MathWorks
Inc. version 9.1), using the DOMFluor Toolbox (Stedmon and Bro, 2008). A total of
four components (C1-C4) were identified, and the number of components was
validated by split-half analysis (Stedmon et al., 2003) (Figure 2.2). The four
components were identified using the “OpenFluor” database (Murphy et al., 2014a,

b; www.openfluor.org).
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Figure 2.2. The EEMs of the four PARAFAC components (C1-C4) from the split-

half validation (C1: terrestrial humic substances or PAHs; C2: terrestrial humic

substances; C3: microbially-derived marine humic materials; C4: protein-like

materials). The graphs show each component’s excitation (red) and emission (black)

spectra in two random halves (solid and dashed lines).
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2.2.4. "VCs isotope analysis

Among the nuclear weapons test and nuclear disaster prominent signature
radioisotopes (**’Cs, *C, and °'Sr), *’Cs (y-decay, Ti»: 30.2 years) is a gamma
emitter, while the others are beta emitters. In the present study, *’Cs was chosen to
monitor for nuclear weapons testing. A conventional gamma ray spectrometry
method was used to measure the *’Cs. Approximately 500 mL of each sample was
used for gamma ray assay. The '*’Cs measurement was carried out at the Korea
Research Institute of Standards and Science (KRISS), Daejeon, South Korea, using
relatively low background gamma ray spectrometry. A high-purity germanium
detector with relative efficiency of 54% and energy resolution of 1.7 keV at 1,332
keV was enclosed with passive graded shielding (lead, iron, and copper) to reduce
the background radiation (Zare et al., 2016). Each sample was measured for 48 hours

at a close distance (5 cm) from the detector.
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2.3. Results and discussion

2.3.1. Concentrations of organic carbon in precipitation

A total of 33 precipitation samples were collected during the study period
(Dec., 2015-Feb., 2017). [DOC] in precipitation ranged from 31 to 686 uM (Figure
2.3), with the annual volume-weighted mean [DOC] (VWMD) measuring at 66 uM
for the period from March 2016 to February 2017. The precipitation [DOC] is similar
to those of other regions in eastern Asia and America in recent years (lavorivska et
al., 2016 and references therein). The [DOC] varied depending on seasons, such that
the VWMD was the largest in winter (Dec.—Feb.) which was about five times higher
than that in summer (Jun.—Aug.). The low [DOC] in summer can be due to dilution
by the high precipitation, and to marine air masses that are normally associated with
minimal [DOC] (Willey et al., 2000; Yan and Kim, 2012). The relatively high [DOC]
in winter can be due to increasing fossil fuel combustion (Pan et al., 2010; Yan and
Kim, 2012).

[POC] in precipitation ranged from 3 to 514 uM (Figure 2.3), with the
annual volume-weighted mean [POC] measuring at 33 uM for the period from March
2016 to February 2017, and which is a half of the [DOC]. Significant differences in
[POC] were also observed depending on seasons, with large [POC] during winter.
The [POC] on May 2, 2016 was when pollen concentration was the largest during
spring (checked bar in Figure 2.3), suggesting the [POC] can be strongly affected by

not only fossil fuel consumption, but also by local biogenic production.
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Figure 2.3. The concentration of DOC and POC during the study period (12/30/2015-2/22/2017). The number of bars within a month is the
number of samples collected in the month. The precipitation event on 12/30/2015 is included in January. The check-marked sample on May 02,

2016 was when pollen concentration was the largest (Table 2.2).
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Table 2.2. Key characteristics of organic carbon in precipitation.

Precipitation DOC POC

Sample No. Date . amount pH Conc

(mm/dd/yy) duration (hr) (mm) (HM)‘ 813C (%0) A'C (%0) '“C-age (YBP) Conc. (WM)A™C (%0)'“C-age (YBP)
1 12/30/2015 3.8 2.4 NA? 255 -24.2 30,633 >Modern 130 -8 0
2 02/11/2016 24.9 47.6 4.6 98 NA 892 >Modern 30 -86 655
3 03/04/2016 8.8 42.6 4.9 57 NA 6,479 >Modern 20 -108 850
4 04/06/2016 8.5 13.6 5.1 49 NA 502 >Modern 23 NS NS
5 04/13/2016 5.7 31.4 4.0 218 -22.6 10,394 >Modern 59 -45 305
6 04/16/2016 11.8 2.9 4.8 47 NA 971 >Modern 13 -56 405
7 05/02/2016 24.4 65.3 4.8 60 NA 1,376 >Modern 206 -13 40
8 06/11/2016 5.2 24.2 4.7 60 NA -321 3,050 19 -306 2,870
9 06/15/2016 7.8 43.6 5.4 72 NS¢ NS NS 37 -159 1,330
10 07/04/2016 27.2 174.3 4.9 37 NA -275 2,520 7 -179 1,520
11 08/31/2016 12.6 45.7 5.4 77 NA -106 835 35 -61 445
12 09/08/2016 2.2 7.6 4.2 206 NS NS NS 82 -316 2,990
13 09/27/2016 11.4 19.1 5.1 89 -25.0 -169 1,430 13 -297 2,760
14 11/07/2016 6.9 53 4.0 383 -19.5 1,353 >Modern 63 -286 2,640
15 11/11/2016 2.2 3.7 4.6 335 -27.2 2,284 >Modern 38 -303 2,840
16 12/08/2016 6.3 73 4.4 162 NS NS NS 57 -377 3,740
17 01/20/2017 0.8 5.1 4.2 33 NA 799 >Modern 57 -360 3,510
18 01/26/2017 2.0 5.7 4.7 363 NS NS NS 159 -268 2,440
19 02/19/2017 7.2 4.0 3.8 686 -21.1 316 >Modern 160 -236 2,100
20 02/21/2017 10.6 94 4.9 163 NA -178 1,510 36 -410 4,170
Mean? 9.5 28.0 4.9 81 -23.4 1,557 >Modern 49 -148 1,224¢
Partial mean 1°¢ 8.7 18.3 4.5 115 -22.6 3,746 >Modem 93 -93 7208
Partial mean 2 11.0 46.3 4.9 54 -25.0 -240 2,140¢° 19 -186 1,591¢
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aAll samples are rainwater except sample no. 1 (sleet). Light gray rows are samples with negative A'*C-DOC.

"NA: Not assessed; NOSAMS cannot offer §'3C analysis for samples suspected of elevated levels of radiocarbon. I expected '“C enriched POC in precipitation,
thus 8'3C analysis of POC was not assessed.

°NS: Not enough sample to analyze.

4The arithmetic mean of key characteristics of precipitation. The characteristics of DOC and POC in precipitation are volume-weighted mean except '4C-age.
°partial mean of positive A*C samples.

fpartial mean of negative A'C samples.

¢Calculated from A™C (%o).
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2.3.2. Optical properties of dissolved organic matters in precipitation

Optical analysis has been employed to elucidate the sources of dissolved
organic matter (DOM). The parallel factor analysis (PARAFAC) has been widely
used to differentiate the terrestrial, microbial, and marine sources using the
fluorescent characteristics of DOM, although not every DOM molecule shows
fluorescence (Kieber et al., 2002; Santos et al., 2013; Zhang et al., 2014). In the fall
and winter seasons, terrestrially derived humic substances or polycyclic aromatic
hydrocarbons were dominant components of fluorescent DOM (C1 & C2 in Figure
2.4).

The relatively high specific ultraviolet absorbance at 254 nm of wavelength
(SUVAzs4) of up to 2.21 L - mg” - m™ and humification index (HIX) up to 4.91
(Figure 2.4) align with the PARAFAC results. In contrast to the fall and winter
seasons, the fluorescent DOM in rainfall collected during the spring and summer
seasons contained up to 62% of marine humic-like materials and microbially-derived
fulvic acids, with relatively low SUVAs4 and HIX of 0.73 L - mg” - m™ and 1.50,
respectively (Figure 2.4). The results of optical analysis demonstrate that the sources
of DOM in precipitation can vary by season, and indicate that DOM in precipitation
could be derived from terrestrial ecosystems and/or fossil fuels during the fall and

winter seasons.
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Figure 2.4. Photochemical characteristics of DOM (dissolved organic matter) in

precipitation. The bar graph shows the relative proportion of each PARAFAC

component (C1: terrestrial humic substances or PAHs; C2: terrestrial humic

substances; C3: microbially-derived marine humic materials, which is characterized

as relatively aliphatic, low molecular weight DOM; C4: protein-like materials). The

yellow and blue lines are the SUVA,s4 and humification index (HIX), respectively.
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2.3.3. The AC-DOC and A"*C-POC in precipitation

The precipitation events were divided into two groups, one with positive
A'™C, and the other with negative A'*C (Figure 2.5 and Table 2.2) which were
strongly dependent on season (Figure 2.5b and c). The precipitation A"*C-DOC was
the largest on Dec. 30, 2015, reaching 30,633%o. Then, the A"C-DOC in
precipitation fluctuated downward, but remained positive until Jun., 2016 (Table 2.2).
The rain A*C-DOC between Jun. and Sep., 2016 ranged from -321 to -106%o, which
corresponds to the '*C age of 3,050 and 835 YBP (years before present), respectively
(Figure 2.5¢). The rain A'*C-DOC increased again to 2,284%o on Nov. 11, 2016, and
decreased to 316%o on Feb. 19, 2017 (Table 2.2).

The multiple changes of A"*C-DOC in precipitation during the study period
were strongly dependent on the wind directions (Figure 2.5a), as in previous studies
(Wang et al., 2016). However, the values and pattern of A'*C-DOC in precipitation
were different from previous results of eastern China measured in 2014, in which
when the airmass was transported from the continent, the A'*C-DOC ranged from -
494 to -153%o, while when the airmass mostly came from the Yellow Sea and the
East China Sea, it ranged from -278 to -23%0 (Wang et al., 2016).

To the best of our knowledge, AC-DOC larger than 1,000%o in
precipitation has never been reported, although A'“C of the stratospheric CO,
reached 20,000%o in 1963, due to nuclear bomb testing (Hesshaimer and Levin,
2000). The A'C-CO; of the troposphere reached approximately 1,000%o in 1963,
and has rapidly diluted due to distribution to other carbon pools (Richter et al., 1999;
Trumbore et al., 1996), such that the A'*C-CO, of the troposphere was about 30%o in
2015 at Shangdianzi, China, approximately 900 km northwest of Seoul (Niu et al.,
2016).

In recent years, North Korea has developed a nuclear weapons program.
The nuclear weapons test conducted on Jan. 6 and Sep. 9 in 2016 by North Korea. I
tested for a prominent radionuclide (**’Cs), which would be released to the
atmosphere during bomb testing. The '*’Cs (661.66 keV), a fission product of *°U
radioisotope, was not detected in the precipitation samples. Thus, I cannot find any
evidence of a link between the high A'C values in precipitation and the nuclear

weapons.
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Figure 2.5. (a) Air mass backward trajectories at 500 m altitude 120 hours prior to

precipitation at the study site (yellow circle) in South Korea, and (b) and (c) the

precipitation events with positive and negative A'*C-DOC, respectively. The red

lines in (a) are the trajectories with positive A'"*C-DOC in precipitation mainly during

winter, whereas the blue dotted lines show the trajectories with negative A"*C-DOC

mainly during summer. The starting points of trajectories are marked as stars. The

lines without stars begin at a point outside the figure. The number on each line in (a)

and the number on each bar in (b) and (c) are the sample number in Table 2.2.
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The A™C-DOC results showed an apparent contradiction between the A'C-
DOC values and the PARAFAC analysis, because if DOM in precipitation is mainly
derived from fossil fuels during the fall and winter seasons, the A'*C-DOC should
be significantly negative. This apparent contradiction could be explained by mixture
of different fractions of DOM, for example, a mixture of fluorescent DOM of
depleted A"C mainly derived from fossil fuels and non-fluorescent DOM with high
A'™C. Or the contradiction could be explained by the new formation of enriched A'*C
from nitrogen that has interacted with neutrons (Enoto et al., 2017; Vaughan and Lieu,
1964; Yankwich and Vaughan, 1954). The DO'C, especially relatively low-
molecular-weight organic compounds, can be generated from inorganic nitrogen
interacting with neutrons (Vaughan and Lieu, 1964; Yankwich and Vaughan, 1954).
A wide variety of labeled one-carbon compounds, such as cyanamide, methylamine,
and guanidine, was produced when ammonium salts and hydrazine sulfate crystals
were irradiated with thermal neutrons and subsequently dissolved in water,
demonstrating the possibility of DO'C formation from inorganic nitrogen in the
atmosphere (Vaughan and Lieu, 1964; Yankwich and Vaughan, 1954).

If the same mechanism of producing extremely high A*C-DOC applies to
the formation of POC, then '“C enriched POC in precipitation would be expected
during fall and winter. However, the A'*C-POC ranged from -410 to -8%o (Figure
2.6), which was significantly lower than A'*C-DOC (Figure 2.5). The significant
difference between A'*C-POC and A'*C-DOC of precipitation indicates that the
sources of DOC and POC could be different.
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2.3.4. A" C-DOC effects on the local stream and implications on the carbon cycle

The sources of the extremely high A'*C-DOC in precipitation are not clear,
and future studies of them are required. However, regardless of the causes, the high
A™C-DOC in precipitation may increase A'*C-DOC in streams and rivers. The A'C-
DOC at the Dorim stream were +271, +139, +285, and +283%o in Apr., Aug., Sep.,
and Dec., 2016, respectively (Figure 2.8).

The high A"“C values of the mountain headwater did not directly reflect the
rain A"*C-DOC, which was up to 10,000%o in Apr., 2016, and was lower than -100%o
in Aug. and Sep., 2016 (Figure 2.5, and Figure 2.8), indicating a large contribution
of terrestrial DOC (e.g., DOC in throughfall, soil water, and groundwater) on stream
DOC. Considering that few studies have reported riverine A'*C-DOC larger than
200%o except the rivers of the eastern U.S. and the Amazon basin (Marwick et al.,
2015; Mayorga et al., 2005; Raymond and Bauer, 2001), the stream A'*C-DOC
higher than 200%o in this study is surprising, and demonstrates that the high A'*C-
DOC in precipitation has the potential to increase stream A'*C-DOC. If the
precipitation AC-DOC can increase stream A'*C-DOC, this indicates that the
stream DOC derived from the terrestrial components should be older than previously
thought, especially during winter.

The A'C-DOC derived from the terrestrial components were calculated
using a simple mass balance equation (Eqgs. 1 and 2), when the direct input of

precipitation DOC to stream was considered.

Stream A*C-DOC

= fopt X Precipitation A*C-DOC + (1-fpp) X Terrestrial A"*C-DOC  [1]
Terrestrial A'*C-DOC

= [(Stream A'*C-DOC) — (fppt X Precipitation A"*C-DOC)] / (1-fop)  [2]

where stream A'*C-DOC is the observed A'*C-DOC of the local stream (set as 140
and 280%o in summer and winter season, respectively), fyp: is a fractional contribution
of DOC inputted directly from precipitation to stream DOC, precipitation A'*C-DOC
is the observed A'*C-DOC of the precipitation (-321 to 30,633%o), and terrestrial
A"™C-DOC is the bulk A™C-DOC released from the terrestrial components. I

assumed that f;; is proportional to the surface area of the stream within the watershed,
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and set fop 0f 0.006, the global mean ratio of surface area of streams and rivers to the
watersheds (Allen and Pavelsky, 2018).

When the high precipitation A'*C-DOC was up to 30,633%o in the mass
balance with fpp of 0.006, the terrestrial A"*C-DOC decreased from 280 to 97%o in
winter (Figure 2.7). If the proportion of the stream area in a watershed increases to
1% (i.e., fype= 0.01), the AMC of terrestrial DOC is even lowered to -27%o (Figure
2.7). This demonstrates that if the stream area directly receiving precipitation
increased, older terrestrial DOC should be released to explain the stream A'*C-DOC.
In contrast, in summer when the rain A*C-DOC ranged from -321 to -106%o, the
effects of precipitation A'*C-DOC were minimal (Figure 2.7).

The A"*C-DOC of the local stream was different from those of a large river
downstream (the Han River, the largest river of South Korea). The A'*C-DOC of the
Han River ranged from -129.1 to 66.8%o (Figure 2.8), which was lower than that of
the Dorim stream. This is probably because the Han River mainstream includes DOC
from not only forested and agricultural watersheds, but also urban tributaries and
wastewater treatment plant effluents (Jin et al., 2018). This suggests that in a large
watershed, the effects of high precipitation A'*C-DOC on rivers could be diluted.
Given that the inputs of DOC from terrestrial and anthropogenic components can be
higher than those from precipitation, the fy, could be overestimated in the above
calculation. However, without field measurements on DOC inputs from each source
and a sophisticated carbon cycle model that incorporates DOC in precipitation,
throughfall, soil water, groundwater, and river system, it is challenging to accurately
estimate the impacts of high A'*C-DOC of precipitation on stream and riverine A'*C-
DOC, warranting future studies.

Nonetheless, the results have a key implication on the carbon cycle, since
the input of extremely high AC-DOC in precipitation can heavily impair the
accuracy of the '*C ages of organic matter in terrestrial and aquatic ecosystems.
Radiocarbon in precipitation has been measured only in the eastern United States
and eastern Asia. Therefore, when we interpret the stream and riverine A™C-DOC,
caution is needed, unless precipitation A'"*C-DOC is measured at the same period.
This study indicates that the analysis of A'*C-DOC of precipitation should be

expanded to many other locations around the world.
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Figure 2.8. The A'*C-DOC of precipitation, streams and rivers. The Dorim stream is about 1 km from the precipitation sampling site, and flows
into the Han River. The WWTP is a wastewater treatment plant. The A'*C-DOC data of the Han River for 2014 and 2015 are from Jin et al. (2018).
The map is downloaded from the “V world” website (http://map.vworld.kr), provided by the Korean Ministry of Land, Infrastructure and Transport.
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Chapter 3. Fossil and non-fossil sources of total
carbon in fine particulate matters in forest and urban

areas

Abstract

Atmospheric fine particulate matter (PM,s) can damage human health and
ecosystem. The PM, s can be removed by trees, and thus urban forest expansion can
be a good strategy to reduce PM,s. However, biogenic volatile organic compounds
emitted from trees may increase the concentration of PM,s via formation of
secondary aerosols. Therefore, the role of biogenic emissions in the formation of
PM; s and the different sources of PM; s in forests and urban areas have yet to be
investigated. Dual carbon isotope and levoglucosan analyses are powerful tools to
track the sources of total carbon (TC) in PM;s. I collected a total of 47 PM» s samples
from August 2019 to December 2020 inside a pine forest and in urban areas in South
Korea. The average §"°C and A'C of TC in PM,;s at the Tachwa Research Forest
(TRF) were -25.7 and -380.7%o, respectively, which were not significantly different
from those collected at Seoul National University (SNU) in the urban areas. The
contribution of fossil fuel, C3-, and C4- plants to carbonaceous component of PM; s
were 52, 27, and 21% at SNU, respectively, whereas those were 46, 35, and 19% at
TREF, respectively. The mean concentration of TC in PM, s was 9.7 ug C m™ at SNU,
which was about two times larger than that inside the forest at TRF. The biomass
burning tracer, levoglucosan, was most abundant in winter and correlated with the
contribution of C4 plants derived carbon. The results indicate that biogenic emission
of aerosols from trees is less likely to be an important source of PM 5 and that trees

can act as a bio-filter to reduce PM;s.

Keywords: Carbon isotope; Levoglucosan; Fossil fuel; Biomass burning; C3 plants,

C4 plants
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3.1. Introduction

Pollution due to fine particulate matter with a diameter of 2.5 pm or less
(PMy5) is a significant challenge, which affects human health and ecosystem,
visibility, and climate change (Wang et al., 2014; Xing et al., 2015). The annual mean
concentrations of PM, s ranged from 30.6 to 37.2 pg m™ between 2013 and 2017 in
Seoul, the capital of South Korea (Kim et al., 2020), which still exceed the regulatory
standard of 15 ug m™ specified by the Korean government. Higher concentrations of
PM, s are frequently observed (Hong et al., 2019; Seo et al., 2018).

Trees can remove atmospheric PM» s by directly adsorbing PMs on the
surface of leaves and branches, and by absorbing some of the PM, s through the
stomata (Nowak et al., 2014; Nguyen et al., 2015). The mean annual PM; s levels
removed by trees in the urban areas are estimated at 0.27 and 0.15 g m™ in the
conterminous United States and in 86 Canadian cities, respectively (Nowak et al.,
2014 and 2018). In addition, plants alter the local microclimate conditions by
reducing air temperature and increasing relative humidity via canopy transpiration,
thus increasing the deposition of PM onto leaves (Zhu et al., 2019). Therefore, this
process can reduce the concentration of PM,s in urban areas (Irga et al., 2015;
Nowak et al., 2014; Zhu et al., 2019). For example, in central Sydney, Australia, the
PM: s concentrations were lower in urban areas with a relatively higher density of
green space (Irga et al., 2015). Therefore, urban forest expansion has been regarded
as one of the government policies to reduce PM, s concentrations in many countries
(Heidt and Neef, 2008). South Korea is no exception, and the Korea Forest Service
has proposed an increase in urban green space to 15 m” per capita from the current
9.9 m? per capita by 2027 (Korea Forest Service 2019).

However, trees indirectly increase PM,s concentrations. Trees emit
biogenic volatile organic compounds (BVOCs) such as isoprene and terpenes as well
as alcohols, carbonyls, and acids (Park et al., 2013). The oxidation products of these
BVOCs can form and grow biogenic secondary organic aerosols (SOAs) (Ehn et al.,
2014). SOAs constitute up to 85% of organic carbon and ~35% of PM s (Keywood
etal., 2011). SOAs may contribute to the formation of carbonaceous materials in fine
particles in the presence of elevated levels of anthropogenic emissions of NOx and

oxidants (OH radicals and ozone). For example, the formation of biogenic SOAs can
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be enhanced by 60-200% due to the emission of NOx and oxidants (Shrivastava et
al., 2019). The mass concentration of submicron particles is also increased by 25—
200% at polluted sites downwind of Manaus, Brazil (de Sa et al., 2018). Furthermore,
studies using radiocarbon (**C) reported that a high biogenic fraction can contribute
to the formation of carbonaceous component of PM; s in cities, accounting for up to
80% of the aerosol carbon (Lemire et al., 2002; Szidat et al., 2004; Heal et al., 2011).

These findings bring a question on how much biogenic emissions
contribute to the formation of PM» s in the atmosphere and whether the sources of
PM, s in forests are different from urban areas. '*C is a powerful tracer of the carbon
cycle, which separates fossil-fuel-derived carbon from recently photosynthesized
carbon. However, the '“C analysis cannot distinguish if the sources of carbon in PM, 5
are generated from biogenic emissions or biomass burning because both are derived
from recently photosynthesized carbon (Genberg et al., 2011; Liu et al., 2013). Thus,
a biomarker is needed to further identify the sources of biogenic PM;s.
Levoglucosan has been widely used to trace the pyrolytic emissions of PM; s released
by biomass burning (Szidat et al., 2006; Puxbaum et al., 2007; Salma et al., 2017,
Zhao et al., 2018). In addition to radiocarbon and levoglucosan analyses, the stable
carbon isotope ratio (5'°C) can provide further information on the sources of carbon,
i.e., C3 and C4 plants because of their distinct isotopic fractionation (Ni et al., 2018;
Mo et al., 2021). The sources of carbonaceous component of PM» s can be quantified
via 8"°C, A'C, and levoglocosan analyses.

The objectives of this study are (1) to investigate the seasonal variation in
the concentrations of total carbon (TC) including organic and elemental carbon in
PM, s, (2) to compare carbon isotope ratios (5"°C and A'*C) between a pine forest
and urban area, and (3) to track the sources of TC in PM, s by analyzing §"°C, A'C,

and levoglucosan concentrations.
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3.2. Methods and materials

3.2.1. Sampling sites and collection of PM: s
Samples were collected from four sites (Figure 3.1a and 3.1b) as follows:

1. A Korean pine (Pinus koraiensis) forest located at the Tachwa Research
Forest (TRF) (37°30.5'N, 127°31.6'E, Figure 3.1c), where pines were
planted in 1960s (Lee et al., 2021). TRF is a part of Seoul National
University Forests, and is located in the suburban area (Kim et al., 2013).

2. The rooftop of a building located in the Seoul National University (SNU)
campus (37°45.8'N, 126°95.0'E, Figure 3.1d) in the southern part of Seoul
(~10 million population), the capital of South Korea.

3. A pine forest at the Hongneung Urban Forest (HUF) near Mt. Cheonjang
(37°59.6'N, 127°04.5'E, Figure 3.1¢) in Seoul, which is a fragmented forest
surrounded by urban residential area. Dominant species include Pinus
densiflora and P. koraiensis.

4. A green space with pine trees located at Cheongnyangni Traffic Island (CRI)
(37°58.0'N, 127°04.5'E, Figure 3.1f) in Seoul, which is a small triangle area
(0.06 ha) between roads.

According to the Food and Agriculture Organization of the United Nations
(2018), forest is defined as “land spanning more than 0.5 hectares with trees higher
than 5 meters and a canopy cover of more than 10 percent, or trees able to reach
these thresholds in situ”. In that sense, TRF is a pine forest in rural area. HUF is also
a pine forest, but located in urban area. CRI is not a forest but a simple green space
with pine trees near busy traffic roads in urban area. SNU is in the urban area. The
population size and density are often used to define a place as ‘urban’. Seoul is one
of the largest metropolitan areas (~10 million population) in the world.

A high-volume air sampler (Sibata Scientific Technology, Japan) was used
to collect the PMa s on quartz filters at a flow rate of 1,000 L min™'. A single air
sampler was placed on the rooftop of a building at SNU, and the other samplers were
installed inside the forests and green space. Quartz filters were pre-baked at 400°C
for 4 hours prior to use. Between January 2019 and December 2020, a total of 47

samples were collected with a time resolution of 24—72 h (usually during 24 hours).
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Most of the samples were collected at TRF (21) and SNU (18) to compare
the sources of carbonaceous component of PM» s between forest and urban areas
(Table 3.1). The additional samples were collected inside the green space or forests
at CRI (6) and HUF (2), respectively, in the urban areas during fall and winter (Table
3.1). After sampling, filters were wrapped in pre-baked aluminum foil and stored at
-20°C. Field blank filters were also prepared by placing the filter in the sampler for
24 to 72 h without gas flow, and then stored as described above. The mass of carbon

on the field blank filters was negligible compared with that of collected PM> s

HUF,

Seoul Metropolitan Area °
; CRI

Figure 3.1. (a) The location of study sites in South Korea, (b) PM2 s sampling points
for high-volume air sampler (yellow circles) and the national PM> s monitoring sites
(blue triangles). The high-volume air sampler was set at (c) the Tachwa Research
Forest (TRF), (d) the Seoul National University (SNU), (e) the Hongneung urban
forest (HUF) and (f) Cheongnyangni traffic island (CRI). The maps were downloaded
from Meteolnfo (http://meteothink.org/#) and V world (http://map.vworld.kr).

32 S B8 i)


http://meteothink.org/
http://map.vworld.kr/

3.2.2. PM:s monitoring data in South Korea

The AirKorea website (http://www.airkorea.or.kr) provides nationwide
PM, s data collected from outdoor monitoring sites via -ray absorption. The method
is used to estimate the concentration of PMs based on the relationship between
attenuation of beta radiation and PM. s deposited on a glass fiber filter tape within
an instrument. I downloaded the daily PM> s concentration data of the three national
monitoring sites (Figure 3.1b) from the AirKorea website. One of the monitoring
sites for both HUF and CRI was located next to the road, and the monitoring sites
for TRF and SNU, respectively, were located at the rooftop of each Community
Center. The monitoring site for TRF was located outside the forest, 6.6 km apart from
TRF in the rural area, whereas the other monitoring sites were located within 2.4 km
of our sampling sites in the urban area. All three national monitoring sites are located

outside forests, providing information on PM, s concentration.

3.2.3. Dual carbon isotope analysis

The PM»s samples were acidified with 10% HCI to remove inorganic
carbon, and then dried at 50°C (Wang et al., 2016; Wei et al., 2010; Zhang et al.,
2016). Each dried filter was transferred to a pre-burned quartz tube containing CuO
as an oxidant and silver wire. The quartz tube was evacuated, flame-sealed, and
heated at 850°C for 4 h to oxidize total carbon (TC) including organic and elemental
carbon. The resulting CO» in the quartz tube was sent to the national ocean sciences
accelerator mass spectrometry facility (https://www2.whoi.edu/site/nosams/) to
measure dual carbon isotope ratios (3"°C and A'C) of TC in PM, s via accelerator
mass spectrometry. To our knowledge, this is the first study reporting 5'°C and A™*C

of PM, 5 levels during all the seasons in South Korea.

33 Y


http://www.airkorea.or.kr/

3.2.4. Source apportionment of TC in PM:s using IsoSource and Bayesian
statistics

First, the sources of TC in PM»s were separated into fossil fuel and non-
fossil fuel sources based on radiocarbon results (Zhang et al., 2016). The contribution
of each non-fossil fuel source (i.e., C3 and C4 plants) was further quantified by
incorporating the results of stable carbon isotope analysis using IsoSource and
Bayesian mixing models. Three endmembers were used: fossil fuel, C3 plants, and
C4 plants (Figure 3.4a). The §"°C of the three endmembers was set to -29.0 + 1.3%o
for fossil fuel, -26.7 + 1.8%o for C3 plants, and -16.4 + 1.4%o for C4 plants (Raymond
et al., 2005; Ni et al., 2018). The A'C of carbon derived from fossil fuel was set to
-1,000%o, while the A'*C values of C3 and C4 plants were set to 30%o (Wang et al.,
2016), similar to the A'*C-CO, in the troposphere because plants absorb atmospheric
CO; during photosynthesis. Both the §'"*C and A'*C results were incorporated to draw
quantitative results of carbon sources. The dual isotopic mixing model is commonly
used in ecological studies to determine the proportions of various sources in a
mixture (e.g., Ceburnis et al., 2011; Mo et al., 2021; Raymond, 2005).

IsoSource, a popular mixing model, was used to quantify TC in PM;s
sources into fossil fuels, C3 plants, and C4 plants (https://www.epa.gov/eco-
research/stable-isotope-mixing-models-estimating-source-proportions; Phillips and
Gregg, 2003). All possible combinations of source proportions were calculated with
IsoSource using a 0.1%o tolerance. The radiocarbon results were used as additional
constraints to further reduce the range of contributions from the fossil fuel sources.
The IsoSource results were used as prior information via Bayesian inferences using
Markov Chain Monte Carlo (MCMC) method (Figure 3.2 and 3.3). Without the prior
information, the fractional contribution of fossil fuel source in the Bayesian model
was inconsistent with the results of the radiocarbon analysis (Figure 3.3). [used prior
information to improve model estimates.

MCMC was implemented using the simmr-0.4.5 (https://cran.r-
project.org/web/packages/simmr/index.html) in R-4.1.1 (R Core Team 2021). In this
MCMC model, the sources were also separated into fossil fuels, C3 plants, and C4
plants. To estimate seasonal source contributions to TC in PM; s, I combined all the
data points from each season in the MCMC calculation. Annual source
apportionment was conducted by combining all the data points at each site.

5 3
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3.2.5. Levoglucosan analysis

The dual carbon isotope analysis does not distinguish if the sources of
carbon in PM> 5 are generated from biogenic emissions or biomass burning. In order
to investigate the possibility of the biomass burning as a source of carbon in PMy s,
levoglucosan analysis was employed to complement carbon isotope analysis (Szidat
et al., 2006; Puxbaum et al., 2007; Salma et al., 2017; Zhao et al., 2018). The
levoglucosan concentration, which is a biomarker of biomass burning, was analyzed
(Szidat et al., 2006; Puxbaum et al., 2007; Salma et al., 2017; Zhao et al., 2018). The
samples were sonicated with dichloromethane : methanol (3:1, v/v) at 20°C for 1
hour. The extract was concentrated using nitrogen gas in Turbovapll (Zymark Co.,
USA) and filtered using a 0.45-um PTFE syringe filter (Pall Corporation, USA).
After filtration, the extract was reconcentrated to a final volume of 1 mL using
Turbovap II and Reacti-Therm (Thermo Scientific, TS-18822, USA) and stored in a
freezer until analysis.

Derivatization via silylation was conducted to analyze polar compounds. A
50 uL aliquot of the final extract volume was completely dried by gently blowing
nitrogen gas, followed by reaction with 50 pL of N, O-bis-(trimethylsilyl)
trifluoroacetamide (BSTFA) combined with 1% trimethylchlorosilane (TMCS)
(Sigma Aldrich, USA) and 50uL of pyridine (HPLC grade, Sigma Aldrich, USA) at
75°C for 90 minutes. After derivatization, the concentration of levoglucosan was
determined using a GC/MS (7890B/5977B, Agilent, USA) operating at an ionization
energy of 70 eV in EI mode.

3.2.6. Statistical analysis

Differences in PM, s concentrations and carbon isotope signatures among
sites and seasons were analyzed via one-way analysis of variance (ANOVA),
followed by Tukey’s HSD (honest significant difference) test. A linear regression
analysis was used to assess the relationship between levoglucosan concentration and
fractional contribution of carbon derived from C3 or C4 plants to PM 5. The analyses

were conducted using R-4.1.1 (R Core Team 2021).
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Table 3.1. Concentrations and key properties of PM2s at TRF, HUF, CRI, and SNU.
Different letters in the means indicate significant differences between the locations
(p < 0.05).

Collecting TC in

Date TC s13C A“C  Levoglucosan
period PMs' Season
(mm/dd/yyyy) (ngm?) (%) (%) (ng m™)
(hours) (%)
Taehwa Research Forest (TRF), Gwangju-si (n = 21)
08/02/2019 24 32 45 266 -489.9 NA? Summer
08/05/2019 24 19 53 -26.7  -250.3 6.41 Summer
01/24/2020 24 13 7.0 -25.6  -323.0 NA Winter
02/07/2020 24 16 53 -245  -382.9 66.52 Winter
02/13/2020 23 10 53 -26.0  -441.2 44.94 Winter
02/20/2020 24 16 8.7 -26.1  -360.2 62.92 Winter
02/21/2020 24 11 6.4 -25.5  -349.6 NA Winter
02/22/2020 48 9 3.5 -250  -3573 60.02 Winter
04/10/2020 24 24 6.6 -232 2278 60.47 Spring
04/13/2020 24 45 4.9 -250 2045 39.96 Spring
05/04/2020 24 35 5.6 -25.5  -273.9 NA Spring
05/21/2020 24 42 3.8 -26.1  -381.8 18.94 Spring
07/08/2020 24 22 3.9 -26.3  -536.2 9.57 Summer
08/18/2020 24 15 3.4 -26.6  -576.4 8.95 Summer
09/14/2020 24 29 3.2 -25.7  -514.0 13.98 Fall
10/13/2020 24 34 4.1 -26.0  -373.2 37.92 Fall
10/14/2020 24 29 43 -260  -3114 NA Fall
10/15/2020 24 29 4.1 -26.6  -360.3 NA Fall
10/16/2020 24 26 4.7 -26.8  -410.3 51.68 Fall
11/14/2020 48 7 3.0 -264  -375.0 34.74 Fall
12/11/2020 24 10 7.3 -246  -494.9 53.08 Winter
Mean 22 5.0 -25.7  -380.7° 38.01
Hongneung Urban Forest (HUF), Seoul (n = 2)
02/20/2020 24 20 8.6 =257 4172 65.82 Winter
10/13/2020 24 49 5.4 -25.7  -370.0 40.00 Fall
Mean 34 7.0 257  -393.6% 52.91

Cheongnyangni Traffic Island (CRI), Seoul (n = 6)
02/21/2020 24 17 8.2 -24.8  -433.8 NA Winter
02/22/2020 48 16 5.8 -25.1  -4264 38.46 Winter
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02/24/2020 34 34 6.9 -26.0  -451.3 NA Winter

10/14/2020 23 66 5.4 -25.0  -4213 NA Fall

10/15/2020 24 86 8.6 -25.9  -465.6 NA Fall

10/16/2020 24 61 104  -26.0 -467.5 61.11 Fall
Mean 47 82® 252 44432 49.78

Seoul National University (SNU) campus, Seoul (n = 18)

01/14/2019 24 19 25.6 -23.7  589.7% 4.55 Winter
02/22/2019 24 39 23.9 -23.6  -313.7 75.91 Winter
03/05/2019 24 8 10.4 -23.7  -503.6 NA Spring
04/22/2019 24 28 10.0 -259  -2393 9.69 Spring
05/24/2019 24 29 14.7 -26.0  -430.1 NA Spring
06/05/2019 24 27 9.2 -25.8  -561.9 NA Summer
07/17/2019 24 14 7.4 -255 -370.6 NA Summer
08/08/2019 24 14 5.5 -26.1  -459.4 5.57 Summer
02/07/2020 24 59 16.6 -23.6  -3525 64.52 Winter
02/13/2020 24 12 7.0 -252  -370.1 NA Winter
04/10/2020 24 58 16.4 -222 -2849 66.24 Spring
04/13/2020 24 50 7.0 -24.1  -290.5 38.25 Spring
05/04/2020 24 69 11.0 -253  -400.0 NA Spring
05/21/2020 24 50 5.5 -26.2  -415.6 741 Spring
07/08/2020 24 24 53 =257 -543.7 8.61 Summer
08/18/2020 24 12 2.8 -273  -6359 4.38 Summer
09/14/2020 24 26 34 -26.1  -503.6 6.63 Fall
11/13/2020 70 12 5.6 -253  -481.6 18.50 Fall
12/11/2020 24 16 12.3 -24.6  -439.1 70.72 Winter
Mean 30 9.7% -25.1  -422.0® 36.36

INA: Not assessed.

" Calculated by dividing the TC (ug C m™) by the concentration of PMys at the
national monitoring sites in South Korea near TRF, HUF&CRI, and SNU.

1 This extraordinary A*C sample was excluded from statistical analysis. The details

are described in the Results.
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3.3. Results

3.3.1.8"°C and A™*C of TC in PM.s

Both §"°C and A'C values of TRF were not significantly different from
those of SNU and HUF (Table 3.1). In contrast, the A™C values of CRI were
significantly lower than those of TRF on the same collection dates in fall and winter
(n=6 each), with the mean A"*C values of CRI and TRF at -444.3%o and -380.7%o,
respectively (Table 3.1). The §'°C and A'*C values of TC in PM, 5 varied seasonally
(Figure 3.4). Enriched §"°C and A'C values were observed in winter and spring
(Figure 3.4b and e), while, in summer, §"°C and A'*C were significantly depleted
(Figure 3.4c). The ranges of §'"°C and A'*C were the largest during spring and winter,
respectively (Figure 3.4b and e).
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Figure 3.4. (a) Isotopic source diagram for the PM, s samples. The black, green, and
brown bars indicate three endmembers including fossil-, C3 plants-, and C4 plants-
derived carbon, respectively. The seasonal §'°C and A*C of PM, s are presented in

(b—d).
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The high A™C, 589.7%o, for PM, s collected on January 14, 2019 at SNU
was also observed when PM» s sample was independently collected on the same date
at Korea University (16 km away from SNU) Seoul, South Korea by another
researcher (personal communication). The radiocarbon analysis of the sample was
conducted at National Electrostatics Corporation (Middleton, WI, USA), whereas
our sample was analyzed at National Ocean Sciences Accelerated Mass
Spectrometry (Woods Hole, MA, USA).

In Wilmington, USA, the A"C of PM,s was up to 2,475%o during
December in 2007 and in Bondville, Illinois, USA, the A'C was up to 1,482%o
during summer in 2004 (Buchholz et al., 2013). These elevated A'*C values are not
common, but apparently reported in PM and precipitation samples in some regions
(Cha et al., 2020). Although the radiocarbon analysis is a useful tool for source
apportionment, caution is needed to interpret the sources of carbonaceous component

in PM, 5. Our analysis does not include the high A'*C sample (589.7%o).
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3.3.2. Concentration of TC and PM: s

A total of 47 PM, s samples were collected during the study period (Table
3.1). The mean concentrations of TC in PMa s were 5.0, 7.0, 8.2, and 9.7 pg C m™ at
TRF, HUF, CRI, and SNU, respectively (Table 3.1). The mean concentration of TC
in PM»s at SNU was about two-fold higher than at TRF (p < 0.05) regardless of
seasons (Figure 3.5). The seasonal variation of TC in PM, s was relatively small in
summer (Jun—Aug.) and larger in winter (Dec.—Feb.) (Figure 3.5) and the
concentration of TC in PM>s in winter was approximately 1.5-fold higher than in
summer (p < 0.05).

The annual mean concentrations of PM, s observed by the B-ray absorption
method were 22, 20, 22 pg m>, respectively, at the national PM, s monitoring sites
located near TRF, HUF&CRI, and SNU in 2020, which were about 0.3—6.6 km away
from our sampling sites (Figure 3.6a). The concentration of PM,s was not
significantly different among monitoring sites (p > 0.1) regardless of seasons (Figure
3.6a). The contribution of TC to PM, s near monitoring sites ranged from 7 to 45%
at TRF, from 16 to 86% at HUF and CRI, and from 8 to 69% at SNU (Table 3.1).
The contribution of TC to PM,s was the highest in spring at TRF and SNU (Table
3.1; Figure 3.6).

25 25

(a) (b)
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Spring Summer Fall ‘Winter Total Spring Summer Fall ‘Winter Total
(n=4) (n=4) (n=6) (n=7) (n=21) (n=7) (n=5) (n=2) (n=4) (n=18)

Figure 3.5. Seasonal concentrations (ug C m™) of TC in PM, s at (a) TRF and (b)

SNU. The vertical lines represent the standard deviation.
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3.3.3. Source apportionments

The contribution of the three sources (fossil fuel, C4 plants, and C3 plants)

to TC in PM,5s was calculated. The contribution of carbon derived from fossil fuel
ranged from 21 to 73% (Figure 3.6b and ¢), with an average of 46%, 46%, 51%, and
51% at TRF, HUF, CRI, and SNU, respectively, based on the MCMC-Bayesian
model (Table 3.2). The relative contribution of carbon from fossil fuel to TC in PM3 5
was higher in summer than in winter at TRF and SNU (Table 3.2), which was
expected from the depleted 3"°C and A'*C levels in summer (Figure 3.4c).
The mean contributions of carbon from C4 plants to TC in PM s were 19%, 17%,
21%, and 21% at TRF, HUF, CRI, and SNU, respectively (Table 3.2). The largest
contribution of C4 plants to TC in PM»2s was 42% and 55% for TRF and SNU,
respectively, observed on April 10, 2020. A relatively lower contribution of C4 plants
was observed in summer (10% at TRF and 15% at SNU) compared with the other
seasons (Figure 3.6b and c).

The mean contributions of carbon from C3 plants to TC in PM, s were 35%,
38%, 31%, and 27% at TRF, HUF, CRI, and SNU, respectively (Table 3.2). The
highest contribution of C3 plants to TC in PM> 5 was observed in spring (49% at TRF
and 32% at SNU), while in winter, the carbon contributions were 37, 34, 28, and 25%
at TRF, HUF, CRI, and SNU, respectively (Figure 3.6b and c).

The concentration of TC in PM,s from each source was calculated by
multiplying the concentration of TC with the individual contribution. The mean
concentration of TC in PM, s derived from C3 plants was 2.1 pg C m™ (range: 0.7—
4.2 ug C m™) at TRF, and 2.3 pug C m™ (range 0.5-6.5 pg C m™) at SNU. Although
the concentration of TC in PM, s was about two-fold higher in SNU than in TRF
(Figure 3.5), the concentration of TC in PM> s derived from C3 plants was similar in
the urban area and the pine forest (Figure 3.6b and c). In contrast, the mean
concentration of TC in PM, s derived from fossil fuel was 2.1 (range: 1.1-4.2 ng C
m~) at TRF and 4.3 (range: 2.0-8.4 ug C m™) at SNU. The concentration of TC in
PM, 5 derived from C4 plants ranged from 0.2 to 2.8 with an average of 0.8 pg C m™
at TRF, and ranged from 0.1 to 9.1 pg C m™ with an average of 2.7 ug C m™ at SNU
(Figure 3.6b and c).
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Table 3.2. The means and the standard deviations of the relative contributions of
each source to carbonaceous component of PM,s calculated using the MCMC-
Bayesian model based on radiocarbon and IsoSource modeling results

Fossil fuel C4 plants C3 plants

TRF

Spring (Mar.-May) 029+002 022+001  0.49+0.02

Summer (Jun.—Aug.) 052+001 010+0.02 0.38+0.01

Fall (Sep.-Nov) 044+001 012+0.02 0.44+0.01

Winter (Dec.—Feb.) 044+003 019%0.02  0.37+0.02

Total 046+001 019+001  0.35+0.01
HUF

Fall (10/13/2020) 044+000 015+000 0.41+0.00

Winter (02/20/2020) 048+002 018+0.02  0.34+0.02

Total 046+001 017+001  0.38+0.01
CRI

Fall (10/14-16/2020)  051+002 018+0.01 031001

Winter (02/21-24/2020) 051 +002 021002  0.28 + 0.0

Total 051+0.02 0.21+001  0.29+0.02
SNU

Spring (Mar.-May) 0434002 025+001 0.32+0.02

Summer (Jun.-Aug.) 0.62+001 0.15+001  0.24+0.02

Fall (Sep.-Nov) 056+0.00 0.20+001 0.24+0.01

Winter (Dec.—Feb.) 043+0.02 032+002 0.25+0.01
Total 051+0.01 021+001 027+0.0L
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Figure 3.6. (a) The concentrations of PM, s (ug m™) at the national PM, s monitoring
sites near SNU, HUF, and CRI (one location), and TRF. (b) The concentration of TC
(ug C m™) in PM, s at TRF. (c) The concentrations of TC in PM,sat SNU, HUF, and
CRI The green, brown, and grey bars in (b) and (c) represent carbon derived from
C3 plants, C4 plants, and fossil fuel, respectively. (d) The concentration (ng m™~) of

levoglucosan.

44 ;R-T Bty ]ﬂﬁ?_



3.3.4. Levoglucosan concentration

The mean concentrations of levoglucosan were 39.8, 8.3, 34.6, and 57.5

ng m> in spring, summer, fall, and winter, respectively, at TRF (Figure 3.6d),

whereas those at SNU were 30.4, 6.2, 12.6, and 70.4 ng m~, respectively (Figure

3.6d). There was a positive correlation between the concentration of levoglucosan

and fractional contribution of C4 plants (Figure 3.7a).
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Figure 3.7. The correlation between the concentration of levoglucosan and the

fractional contribution of (a) C4 plants, and (b) C3 plants.
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3.4. Discussion

Many studies have demonstrated that PM, s can be removed by trees (e.g.,
Nowak et al., 2014, 2018; Zhu et al., 2019; Irga et al., 2015), which leads to urban
forest expansion. However, PM, s can be indirectly produced by BVOCs emitted by
plants (Ehn et al., 2014; McFiggans et al., 2019; Watanabe et al., 2018). PM,s can
also be directly produced by fossil fuel or biomass burning. These contrasting views
question of their relative importance in the formation of PM;s. Although some
studies on TC in PM,s have been conducted in East Asia, typically in urban area,
they used only 8"°C (not including A'*C), different kind of dual isotopes (5"°C and
8'°N), or only during a limited season not over an entire year (Kundu and Kawamura,
2014; Lim et al., 2019). In contrast, this is the first study, to our knowledge, which
investigated changes of §"°C and A'C of PM, s over an entire year inside the forest
and the urban areas in South Korea.

A review of PMas sources based on '*C analysis demonstrated that the
proportion of carbon sources except fossil fuels (i.e., total carbon minus carbon
derived from fossil fuel) generally exceeded 30% of TC in PM collected even in
urban locations (Heal et al., 2014). If BVOCs derived from trees strongly contribute
to the formation of PM, 5, the PM, 5 collected inside a forest would yield higher A'*C
than in urban areas. However, TC in PM;s collected in the forest (TRF) and urban
areas (SNU) had similar A'C indicating similar sources of PM,s (Table 3.2 and
Figure 3.4) even during summer when the emission of BVOCs was the highest
(Spracklen et al., 2011; Son et al., 2015), or during spring when the concentrations
of pollen were the highest (Rahman et al., 2019). The A'*C values of PM, s were also
similar between TRF and HUF. CRI is located next to major traffic roads (Figure
3.1), where direct input of PM, 5 by vehicles could lower A'*C. These results imply
that trees can produce biogenic PM> s, but most of PM» 5 within the forests or urban
green spaces are likely to be transported from the outside.

Despite similar sources, the TC concentration in PM> 5 at TRF was two-fold
lower than at SNU (Table 3.1 and Figure 3.5). Considering the similar concentrations
of PM> 5 at the monitoring sites which are located outside of forest (Figure 3.6a), the
lower concentrations of TC at TRF suggest that pine forests may reduce PMa:s

transported from the outside. The ratio of fossil carbon to the total mass of PM» s can
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be roughly calculated by multiplying the proportion of TC in PM> s by the proportion
of fossil carbon in TC. Since ~30% of PM, s was carbonaceous material in general
(“TC in PMzs (%)” in Table 3.1), and ~50% of the carbonaceous material was
derived from fossil fuel (Table 3.2), ~15% of PM»s (i.e., 0.3 x 0.5 = 0.15) is derived
from fossil carbon. Although 15% appears small, the majority of the PM, s is still
attributable to the other aerosols, such as sulfur oxides and nitrogen oxides, derived
from fossil fuel burning (Ni et al., 2018; Mo et al., 2021).

The remaining portions, ~50% of TC in PM»s were attributed to the non-
fossil fuels. A previous study conducted at TRF during the growing season (Aug.—
Oct., 2014) showed approximately 76% of TC was from non-fossil sources (Lim et
al., 2019). I further attributed the non-fossil sources of TC in PM»s to C3 plants-
(~30%) and C4 plants-derived carbon (~20%) (Table 3.2), which was calculated over
entire seasons including winter when the concentration of PM, s was the largest. The
range of §'°C of marine aerosols could be in those between C3 plants and C4 plants
(Ceburnis et al., 2011; Miyazaki et al., 2011). Both C4 plants and marine aerosols
could be selected as an end member (e.g., Ceburnis et al., 2011; Mo et al., 2021).
However, I have selected C4 plants instead of marine aerosols as an endmember
because of the variation of the concentration of levoglucosan (Figure 3.6d).
Levoglucosan is a tracer of biomass burning and thus cannot be an important
component of marine aerosols (Fu et al., 2013). The concentration of levoglucosan
demonstrated clear seasonal variation, with the largest value up to 75.91 ng m?
observed during winter, followed by fall and spring, and the lowest during summer
(Figure 3.6d). This seasonal variation has been observed in major cities in the East
Asia (e.g., Cheng et al., 2013; Choi et al., 2012; Choi et al., 2016; Kim et al., 2016b;
Zhang et al., 2008; Zhao et al., 2018).

The concentration of levoglucosan was positively correlated with fractional
contribution of C4 plants (up to R* =0.78, p <0.05 in Figure 3.7a), but not correlated
with fractional contribution of C3 plants (Figure 3.7b). This indicates that the higher
concentration of levoglucosan, especially in winter was likely due to the burning of
C4 plants (e.g., corn residues). The biomass burning of C4 plants has been widely
considered as one of the sources of TC in PM, s because of the enriched 5"°C and the
high concentration of levoglucosan during winter (e.g., Kundu and Kawamura, 2014;

Zhang et al., 2008; Zhao et al., 2018). The enriched A'™C and 8C as well as the
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highest concentration of levoglucosan were also reported during winter in China (e.g.,
Mo et al., 2021; Ni et al., 2018; Zhao et al., 2022).

Recent studies have demonstrated that the burning of corn residues
accounted for up to 80% of the total agricultural waste burning in China (Cui et al.,
2020; Jin et al., 2018; Li et al., 2016). China was the second-largest producer of corn
with 23% of the global corn yield in the marketing year (Sep., 2019-Aug. 2020),
following the U.S. very closely (https://www.fas.usda.gov). In contrast, corn
production in South Korea is substantially lower than in China. It has been also
reported that the burning of corn residues was ~10% of the total agricultural waste
burning in several rural areas of South Korea (Kim et al., 2016a), although
agricultural waste burning over the entire South Korea is rarely reported. Since
northwesterly winds around Korea are predominant during winter as the Siberian
High (i.e., Siberian Anticyclone) develops (Jhun and Lee, 2004), TC derived from
C4 biomass burning could be not only generated within South Korea but also
transported from North Korea and/or China (Heo et al., 2009; Park et al., 2018).

Su et al. (2020) quantified the proportion of nine sources of PM, s by using
a multivariate factor analysis in the western urban area of Shenzhen, China in the
fall (Sep.— Nov., 2019). Among them, the contribution of biomass burning to the total
concentration of PM, s was only 11%. In this study, the results of dual carbon isotope
and levoglucosan analyses showed about 20% of the carbonaceous component of
PM, s was derived from the burning of C4 plants. Considering inorganic components
account for ~70% of PMz s, the biomass burning of C4 plants could contribute at
least ~6% (i.e., 0.2 x (1 — 0.7) = 0.06) of the total PM>s. Even though the biomass
burning is not significantly large in the total PM, s, it can still be important to control
the biomass burning that has not been properly managed (Kim et al., 2016a),
especially during winter.

The carbon derived from C3 plants was estimated at only ~9% of PM»s in
TRF and SNU, which can be attributed to biogenic emissions by trees or biomass
burning of C3 plants. The concentrations of TC derived from C3 plants were similar
at TRF and SNU, whereas the concentrations of TC derived from fossil-fuel and C4
plants in the urban areas were about two-fold the levels at TRF (Figure 3.6b and c).
Thus, biogenic emission of pines is not likely to be an important source of PM; s in

the forest, suggesting that trees act as a bio-filter of PM, s in urban areas.
e
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Chapter 4. Canopy leaching rather than desorption of
PM:s from leaves is the dominant source of

throughfall DOC in forest

Abstract

Throughfall transports dissolved organic carbon (DOC) into the forest floor,
which can be an energy source to a variety of organisms in a forest ecosystem.
Previous studies have reported concentrations and fluxes of throughfall DOC, but
tracing the sources of throughfall DOC is relatively rare although identifying the
sources of throughfall DOC is critical to understand how forest ecosystem works.
Throughfall DOC can be derived from canopy leaching or desorption of dry-
deposited atmospheric particulate matter (PM) from leaves, and these sources of
throughfall DOC can be traced using carbon isotope analysis. I have collected
rainwater, atmospheric PM; s and throughfall in a pine and an oak forest in South
Korea from March to November in 2021. The mean concentration of DOC in
throughfall was 7.9 + 3.3 (mean + standard deviation, n= 6) mg L™, which was about
six times larger than that in rainfall. The average 8"°C and A'C of DOC in
throughfall were -26.1 and -38.2%o, respectively, which were contrastingly higher
than those in rainwater or PM, s, indicating that recently photosynthesized organic
carbon is leached from tree canopy. Mass balance estimates showed that the
contribution of canopy leaching to the concentration of DOC in throughfall was
about 84%, while only ~3% and 13% of DOC in throughfall were accounted for
desorption of PM» s from tree canopy and direct rainfall, respectively. The results
clearly indicate that canopy leaching from plants is the most important pathway of
carbon input to the forest floor with relatively little contribution by desorption of

PM; 5 on leaves.

Keywords: Carbon isotope; Throughfall; Precipitation; PM2 5
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4.1. Introduction

The concentrations and properties of dissolved organic carbon (DOC) in
precipitation can be changed as it moves through the forest canopy (Kopacek et al.,
2009; Tobon et al., 2004; Van Stan et al., 2012). Precipitation passing through the
tree canopy is called throughfall. Throughfall can be categorized as either free or
release. Free throughfall is precipitation that flows through the canopy without
interacting with any plants, whereas release throughfall is precipitation that is first
intercepted by the plant and subsequently drips from the plant (McDowell et al.,
2020; Van Stan & Stubbins, 2018). Therefore, throughfall can transport a large
amount of dissolved organic carbon (DOC) into the forest floor. Previous studies
have reported that the concentrations and fluxes of throughfall DOC ranged from 9
to 29 mg L' and 2.1-48.0 g m™ yr'" in temperate forests (McDowell et al., 2020 and
references therein).

Dissolved organic matter (DOM) in throughfall is a mixture of organic
compounds including carbohydrates, aliphatic, and aromatic compounds, while
DOM in rainwater predominantly consists of saturated aliphatic compounds (Kieber
et al., 2006; Santos et al., 2009). For example, the *C NMR analysis on throughfall
DOM indicated that the DOM consisted of a complex mixture of carbohydrates
(~26%), aliphatic (~22%), aromatic (~10%) and phenolic structures (~5%) at beech
and spruce forests in Germany (Bischoff et al., 2015). The labile fraction of DOM in
throughfall can serve as an energy source of carbon to microorganisms in the forest
floor (Qualls and Haines, 1992). Aromatic compounds in throughfall can be
precursors of carcinogenic disinfection byproducts in forested regions where surface
runoff becomes major portion of river discharge during rain events (Bischoff et al.,
2015; Chen et al., 2019). Phenolics are considered as allelochemicals, which might
affect the distribution patterns and composition of understory vegetation of forests
(McDowell et al., 2020). Despite significant fluxes of throughfall DOC and its
influence on forest ecosystems, little is known about the sources of throughfall DOC
which include leaching from leaves, desorption of dry-deposited PM,s, and rain
DOC.

Among the sources of DOC in throughfall, wash-off of dry deposition can

be important if additional anthropogenic PM sources such as soot from fossil fuel or
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biomass burning are deposited on leaves. For example, the concentration of
throughfall DOC in Rondoénia, Brazil, increased with the high concentration of DOC
in aerosols derived from biomass burning (Germer et al., 2007). Fire-affected black
carbon is estimated to comprise ~2% of throughfall DOC at the fire-managed site in
Georgia, USA (Wagner et al., 2019). A radiocarbon analysis for throughfall DOC
showed that 4-24% of the throughfall DOC in a Norway spruce (4bies picea) forest
in Germany was derived from fossil-fuel combustion (Schulze et al., 2011). Not only
dry-deposited PM on leaves but also foliar leaching of DOC can be an important
source of throughfall DOC, especially under elevated atmospheric CO>
concentration (Lichter et al., 2000).

The objective of this study is to trace the three key sources of DOC in
throughfall in the context of hydrological processes: DOC in direct rainfall (i.e., free
throughfall), DOC by desorption of atmospheric fine particulate matter (PM;s), and
DOC leached from plants. I analyzed §'°C and A'*C of organic carbon in rainwater,
PM; s, and throughfall in the pine and oak forests at Mt. Tachwa, South Korea. Then,
a mass balance approach based on the '*C isotope ratios was employed to estimate
the contribution of each source to DOC concentration ([DOC]) in throughfall, which
can provide insights into the relative importance of internal cycling versus external

deposition in controlling throughfall DOC.
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4.2. Methods and materials

4.2.1. Site description and sampling

The pine and oak forests are located at the Tachwa Research Forest (TRF)
which is a part of Seoul National University Forest in Gwangju-si, Gyeonggi-do,
South Korea (Figure 4.1). The TRF is located in the suburban area and is ~37 km
apart from Seoul, the capital of South Korea. The sampling period is considered to
be a dry year, with the annual precipitation of 1,021 mm in 2021 (Korea
Meteorological Administration, https://data.kma.go.kr). The mean annual
precipitation for thirty years (1992—2021) is 1,308 mm and the mean annual air
temperature is 11.7 °C at Gwangju-si meteorological station, which is ~15 km apart
from TRF. The annual mean concentration of PM,s was 21 pg m> at Gwangju-si
(AirKorea, 2021), similar to that in Seoul, which still exceeds the regulatory standard
of 15 pg m™ by the Korean government.

Korean pine (Pinus koraiensis) is the most common species in the pine
forest at TRF. Pine trees were planted in the 1960s at TRF, and the average height
and diameter at breast height (DBH) of the pines are approximately 21 m and 30.4
cm, respectively, in 2017 (Lee et al., 2021). The natural oak forest is located about
0.3 km away from the pine forest (Figure 4.1). Oak trees such as Oriental white oak
(Quercus aliena) and Chinese cork oak (Quercus variabilis) occupy 75% of the oak
forest area (Lee et al., 2019). The oak trees are 55-60 years old. The average height
and DBH of oaks are about 20 m and 23.3 cm, respectively, in 2017 (Lee et al., 2021).

Atmospheric PM» s, precipitation, and throughfall in the pine and oak
forests were collected four times between March and November in 2021 (Table 4.1).
A high-volume air sampler (Sibata Scientific Technology, Japan) with a flow rate of
1,000 L min™ was used to collect atmospheric PMa s on quartz filters which were
pre-baked for 4 hours at 400°C. A total of 12 PM, s samples were collected, each
over 24 hours. After sampling, filters were wrapped in pre-baked aluminum foil and
stored at -20°C before further analysis.

Precipitation samples were directly collected in a 2-L polycarbonate bottle
with a polypropylene funnel (upper diameter of 20 cm). All bottles and funnels were
washed in an acid bath over 24 hours prior to use. The bottle with a funnel was placed

before the start of a rain event on the top of an eddy flux tower (40 m above the
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ground) in the pine forest (Figure 4.1) which is above the tree canopy. A total of 4
rain events amounting to a cumulative depth of 176 mm were collected (~16% of the
annual precipitation in 2021). Snowfall was not sampled.

Two plots (50 x 50 m® each) were established around the two PMys
sampling points (Figure 4.1A and 1B). In order to take into account the local
variation in throughfall, a total of 10 points were randomly selected for each plot
within the tree canopy. Then, funnels (upper diameter of 20 cm) and 2-L
polycarbonate bottles were placed to collect throughfall at 1 m height (Clarke et al.,
2016; Schulze et al., 2011) before precipitation events. A total of four rain events
were chosen and throughfall samples were collected at the pine forest, while
throughfall was collected in August and November in the oak forest area which were
months of growing and senescing leaves, respectively. After a rain event, throughfall
collected in all bottles was composited to one sample per plot per each precipitation
event.

Dissolved organic carbon is typically defined as the fraction of organic
matter passing through a 0.2—0.7 um filter (Carlson & Hansell, 2015). However, all
samples were filtered using pre-baked GF/D filters (pore size: 2.7 pum) in this study,
in order to compare the properties of DOC, 7 (DOC passed through the 2.7 pm-pore

filter) with those of fine particulate matter, PM; s (diameter of 2.5 um or less).
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Figure 4.1. Location of the sampling points at TRF. The blue triangle is the
precipitation sampling point on the top of the eddy flux tower at TRF. The capital
letters of “A” and “B” indicate the plots (50 x 50 m? each) for throughfall samples
in the oak and pine forests, respectively. A set of 10 throughfall collectors was placed
at the center of each gray square in 2021. The yellow circles are PM» 5 sampling

points which were set for high-volume air sampler.
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4.2.2. Concentration and carbon isotopic ratios of DOC

The concentration of DOC ([DOC]) in the precipitation and throughfall was
measured by the high temperature catalytic oxidation method at 680 °C, using a
Shimadzu TOC-VCPH analyzer (Shimadzu Corporation, Tokyo, Japan). For dual
carbon isotope analysis (5"°C and A'*C), the detailed methods are found in Cha et al.
(2020). In brief, DOC in the precipitation and throughfall samples was oxidized
using a high-energy UV lamp in the presence of O, after removing dissolved
inorganic carbon. The resulting CO, was cryogenically separated in a vacuum
extraction line, and then sent to the National Ocean Sciences Accelerator Mass
Spectrometry (NOSAMS) at Woods Hole, USA for isotopic analysis.

For the PM, s samples, the quartz filters were acidified with 10% HCI to
remove inorganic carbon, and then dried at 50°C (Wanget al., 2016; Wei et al., 2010;
Zhang et al., 2016). Each dried filter was transferred to a pre-burned quartz tube
containing CuO as an oxidant and silver wire. The quartz tube was evacuated, flame-
sealed, and heated at 850°C for 4 h to oxidize total carbon (TC) including organic
and elemental carbon. The resulting CO; in the quartz tube was cryogenically

separated, flame sealed, and then sent to NOSAMS facility for isotopic analysis.

4.2.3. Mass balance approach

When rain passes through the tree canopies, the A'*C of throughfall can be
affected by the direct input of DOC in precipitation, by the leaching of organic
substances from plant tissues, and by dry deposition of atmospheric organic aerosols.
This leads to a mass balance equation (Eq. 1) which includes the A™C values of
precipitation (ppt), PM>s (pm), and photosynthesized (phs) carbon in the DOC
fraction of the throughfall:

AMCthru :ﬁ)pt X AMCppt +ﬁ)m X AMCpm +j[phs X AMCphs [1]

where A'"Cury, A"™Cpp, A™Cpm and A™Cpns are the A'C values of
throughfall DOC, precipitation DOC, PM, s, and biogenic DOC released from plant
tissues, respectively. The fopt, fom, and fons are fractional contributions of precipitation

DOC, PM, 5, and photosynthetic carbon to throughfall DOC, respectively.
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Throughfall, precipitation, and PM, s samples were collected and the A™C
values of those samples were measured. Since the PM, s samples were not collected
in August, 2021, T used the mean A'*C value of PM,s (-438.9%o, n=3) collected
during August in 2019 and 2020 (Cha et al., in review). The A*Cyns was set as -6.2
+ 18.8%o, which is A"*C of atmospheric CO, at Global Atmosphere Watch station
located in Anmyeondo, South Korea (Lee et al., 2020).

I assumed that f; is proportional to the concentration ratio of precipitation
DOC to throughfall DOC (Eq. 2) (Filoso et al., 1999). Then, Eq. 1 can be rearranged
to calculate the unknown f;m using Eqs. 2—4:

Jort= [DOClppt / [DOC]itru 2]

fi)pt+ﬁ)m+ﬁ)hs:1,f£)hs:1*ﬁ)pt*ﬁ)m [3]

fom= A" Cinrs — fopr XMAMCmn *14(1*fppt) X A"*Copns [4]
" ACpm — A *Cpns

Using Egs. 1-4, I estimated the contribution of the three sources to
throughfall DOC: (1) DOC in rainfall that directly penetrating through canopy gaps,
(2) DOC leached from plant tissues, and (3) DOC from atmospheric particles which
had been dry-deposited on trees.
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4.3. Results and discussion

4.3.1. The concentration of DOC in throughfall

The concentration of DOC,7 in throughfall at TRF is 7.9 + 3.3 g m? yr’!
(mean £ SD, n = 6) (Figure 4.2a). The throughfall DOC is a heterogenous mixture
of organic matter depending on canopy characteristics, microbial activities, and
meteorological conditions (Liu et al., 2003; Wagner et al., 2019; Van Stan & Stubbins,
2018). Previous studies showed that the concentration of throughfall DOC, which
passed through <0.45 or 0.7 um filter, ranged from 5 to 29 mg L' in temperate forests
(McDowell et al., 2020; Schulze et al., 2011). In South Korea, [DOC] in throughfall
ranged from 3 to 6 mg L™ from June to October in 2005 in a temperate broadleaf
forest (Kim et al., 2010) whereas that varied from 2 to 32 mg L™ in biweekly
collected throughfall samples in a mixed deciduous forest (Jeong et al., 2012), which
was conducted over more than one year including winter when oaks had no leaves.

In contrast, [DOC] in precipitation ranged from 0.3 to 10 mg L in South
Korea (Cha et al., 2020; Jeong et al., 2012; Yan & Kim, 2012). In this study, the
mean [DOC] in rainwater was only 1.3 + 1.4 mg L™ (n = 4) (Figure 4.2a), indicating
a significantly large amount of DOC enters the TRF via throughfall. This can be due
to the leaching of organic substances from tree tissues and/or washing off of dry
deposited particles from leaves (Tukey, 1970; McDowell and Likens, 1988; Chen et
al., 2019; Schulze et al., 2011).
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Figure 4.2. The concentration of (a) DOC in throughfall (mg L") and (b) total carbon
in atmospheric PM, s (ug C m™) in the pine and the oak forest. The fop, fom and fons
are the fractional contribution of precipitation (blue), PM, s (yellow), and biogenic
carbons (green) to throughfall DOC. The green dashed line in (b) is when oak leaves

come out in spring.
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4.3.2. Dual carbon isotope ratios of DOC in PM; s, rain, and throughfall

Both §"*C and A'C values of DOC in throughfall were different from those
of PMs and rainfall (Figure 4.3). The mean §"°C values in rainfall, PMys, and
throughfall were -26.0+ 1.6, -26.1 £ 0.6, and -28.6 + 1.0 (mean + standard deviation)
%o, respectively (Figure 4.3). In South Korea, previous studies reported that the §"°C
was -23.4 + 2.8%o in precipitation at Seoul (Cha et al., 2020) and -25.4 £+ 0.7%o in
PM,s at TRF (Lim et al., 2019). These values were also similar with those of
precipitation and PM: s samples collected in China and USA (Raymond et al., 2005;
Wang et al., 2016; Mo et al., 2021).

The leaf "°C of Q. serrata was approximately -26%o at Gwangneung forest
in South Korea, which ranged from -25 to -29%o by season (Chae et al., 2009). In
north-eastern China which is about 545 km apart from the sites of this study, the
mean §"C values of leaves of Korean pine and Mongolian oak were -28.96 and
-29.68%o, respectively (Li & Zhu, 2011). Studies also demonstrated §"C of
throughfall DOC could be influenced not only by tree species, but also by canopy
characteristics (canopy height or shape) and/or environmental conditions such as
irradiance, water availability, and altitudes (Chae et al., 2009; Li & Zhu, 2011;
Takahashi and Miyajima, 2008). Considering the large variability of §'°C due to
these variables, and the relatively narrow ranges of measured 8'°C of rainfall, PM, s,
and throughfall, it is difficult to use 8"°C for mass balance equations.

In contrast, A"C can be used for mass balance equations due to its wide
ranges. The mean A'*C of throughfall was -38.2 = 11.5%o, which was more enriched
than those of rain (-226.9 £ 16.7%0) or PMys (-347.2 + 92.3%0) (Figure 4.3),
suggesting that recently photosynthesized carbon is predominantly released from
tree canopies via throughfall. In a Norway spruce (Picea abies) forest in Germany,
A"C values of throughfall DOC varied from -52 to 41%o (n = 7) (Schulze et al.,
2011), which were also enriched compared to those of PM> 5 collected in Europe (e.g.,
Heal et al., 2011; Heal et al., 2014; Major et al., 2021; Szidat et al., 2004)

The characteristics (carbon isotope ratios and concentrations) of
atmospheric PM» s were similar both within the pine and oak forests regardless of
whether deciduous trees have leaves or not (Figure 4.2b; Figure 4.3 and Figure 4.4).
If biogenic volatile organic carbon emitted from trees significantly contributes to the
formation of PM, s (Park et al., 2013; Ehn et al., 2014), the PM3 s collected_linside the
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pine forest would have higher A'*C values than inside the oak forest in March when
oak trees had no leaves. However, the A'*C values between pine and oak forests were
similar indicating that biogenic emission of volatile organic carbon was not an
important source of PM,s.

Based on the mass balance equations (Eqgs. 1-4), it was estimated that
contribution of biogenic DOC to throughfall DOC was the largest, ranging from 76
to 91% with an average of 84% (Figure 4.2a). Although rains can wash away dry-
deposited PM, s on plant surfaces, and frequent rains can remove more atmospheric
PM adsorbed on tree leaves (Liu et al., 2018; Przybyszet al., 2014), the contribution
of the deposited PM, s to throughfall DOC was only about 3% (Figure 4.2a).

In this study, biogenic (i.e., photosynthesized) '“C signature (A'*Cphs) was
assumed to be A'*C of the atmospheric CO, and the A'*C-CO, was set to -6.2%o
which is a reported value at Anmyeondo in South Korea (Lee et al., 2020). This is
more depleted than those at other background sites indicating increased fossil fuel
emissions from the Asian continent (Lee et al., 2020), and calculating contribution
of each source to throughfall DOC is dependent on how to set the A*C-CO,. For
example, the background A*C-CO, was 16.6%0 at NOAA/ESRL’s Niwot Ridge,
Colorado, USA sampling site (site code NWR, 40.05°N, 105.58°W, 3475 masl) in
2014-2016 (Lee et al., 2020). If the A*Cpns was set as 16.6%o, the estimated mean
contribution of the deposited PM> s to throughfall DOC would be increased from
3 to 8%. However, the conclusion that the major source of DOC in throughfall was
the leaching DOC from canopies rather than desorption of PM, s from leaves does

not change.
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Table 4.1. Sampling dates, concentrations, and dual carbon isotope ratios of (a)
precipitation, (b, ¢) PM,s, and (d, e) throughfall. Note that the units are “mg L™
for DOC in precipitation and throughfall and “pg C m™ for total carbon in PM,s.
fopts fom, and fons are the fractional contribution (%) to DOC in throughfall.

(a) Precipitation

Date (rﬁgn,_c.'l) S13C (%) AMC (%)
03/01/2021 0.5 -25.8 -238.0
03/27/2021 3.4 -24.2 -238.6
08/17/2021 0.8 -25.8 -203.0
11/08/2021 0.6 -28.1 -228.2
(b) PM> 5 in the pine forest (c) PM25 in the oak forest

Date (ugc(’:”fﬁa) 81C (%)  AMC (%) (Hg%”;_s) 8C (%) AMC (%)
02/27/2021 2.4 -26.6 -222.0 NA NA NA
03/23/2021 5.8 -25.1 -411.0 6.2 -24.8 -438.8
03/24/2021 3.4 -25.5 -432.6 3.4 -25.1 -483.0
03/29/2021 NA NA NA 6.5 -23.4 -229.7
05/19/2021 5.7 -26.1 -398.0 5.3 -26.0 -434.4
11/06/2021 4.0 -26.3 -304.4 4,28 -26.3 -302.5
(d) Throughfall in the pine forest and source apportionment

Date (rggnl_c_'l) §13C (%0)  AMC (%0) fopt fom fohs
03/01/2021 6.5 -27.5 -47.9 % 11% 81%
03/27/2021 14.3 -27.6 -24.6 24% 0% 76%
08/17/2021 8.0 -28.2 -32.9 11% 1% 88%
11/08/2021 8.0 -28.6 -27.0 8% 1% 91%
(e) Throughfall in the oak forest and source apportionment

Date (n‘ignl_c;l) 83C (%)  AMC (%) - fom fons
08/17/2021 5.8 -29.4 -51.6 14% 4% 82%
11/08/2021 5.0 -30.1 -45.3 13% 4% 84%

NA: Not assessed.
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Chapter S. Summary and conclusion

This dissertation documents field-based research that investigates the
sources of organic carbon in precipitation, PM» s and throughfall collected in urban
and forest environments in South Korea. This work contributes to the integrity of our
understanding of atmospheric organic carbon entering terrestrial ecosystems and
helps us better understand the carbon cycle.

In Chapter 2, The A"C-DOC and A“C-POC in rain and snow varied
significantly depending on seasons, demonstrating dynamically changing sources
during Dec. 30, 2015 — Feb. 22, 2017 in Seoul, South Korea. I observed extremely
high A"*C-DOC in precipitation up to 30,633%o when the Northwesterly wind blows
from the continent in winter while negative A'*C-DOC ranged from -321 to -106%o
in summer under Asian monsoon climates. However, the A*C-POC in bulk
precipitation was negative for the same period, indicating the sources of POC and
DOC in precipitation can be different. The results suggest that the extremely high
A"™C-DOC in precipitation has a potential to raise A'*C-DOC of a nearby stream
within a hilly watershed where water residence time is relatively short. The causes
of the extremely high A"YC-DOC in precipitation are unclear, warranting
investigation on the generality of the phenomena. Nonetheless, the results suggest
that riverine DOC derived from terrestrial ecosystems could be older than previously
thought. Considering that A'"*C-DOC in precipitation has been measured only eastern
US and eastern Asia, we need to be careful when we interpret the riverine A"*C-DOC
unless that of precipitation is measured at the same time, especially in a hilly
watershed where riverine discharge is strongly dependent on precipitation.

In chapter 3, 1 analyzed dual carbon isotope ratios and levoglucosan
concentrations in a pine forest and in urban areas to provide source apportionment
of TC in PM, 5. The §'°C and A"C of TC in PM, s indicated similar sources of carbon
in PM2 s 1in the forest and urban areas, although the total concentration of TC in PM2 5
was approximately two-fold lower in the forest than in urban areas. TC in PM, s was
predominantly affected by human activities such as fossil-fuel combustions and C4
biomass burning rather than emissions from C3 plants. These results suggest that

strategies to reduce atmospheric PM> s should focus on fossil fuel combustion and
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biomass burning instead of biogenic emissions from trees.

In chapter 4, I analyzed dual carbon isotope ratios of rain, PM,s and
throughfall at the Tachwa Research Forest in South Korea. The concentration of
DOC in throughfall was approximately 6 times higher than that in rainfall. The dual
carbon isotope ratios in throughfall were contrastingly higher than those in rains or
PM, 5. Throughfall DOC was predominantly affected by canopy leaching from plant
tissues compared to washing off deposited PM, s by rain. These results suggest that
canopy cover rather than dry-deposited PM on leaves can determine the amount and

quality of throughfall DOC which enters soils and inland waters.
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