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• High Δ14C-DOC in precipitation was ob-
served during winter in South Korea.

• The high Δ14C-DOC in precipitation can
raise Δ14C-DOC in a local stream.

• Stream DOC derived from terrestrial
ecosystem can be older than previously
thought.

• Caution is needed when interpreting
stream and riverine Δ14C-DOC.
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Radiocarbon (14C) analysis is a powerful tool for tracing carbon in the global carbon cycle. Precipitation is a com-
ponent of the global carbon cycle through which dissolved organic carbon (DOC) enters terrestrial and aquatic
ecosystems from the atmosphere. In previous studies, the Δ14C 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 we report surprisingly high Δ14C-DOC in bulk pre-
cipitation, more than 1000‰ in Seoul, South Korea, especially when the Northwesterly wind blows during win-
ter. In contrast, Δ14C of particulate organic carbon (POC) in bulk precipitation was negative, indicating that the
sources of POC andDOCwere different. Although the sources of the highΔ14C-DOC are not clear and future stud-
ies on them are required, the relatively highΔ14C-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 ofΔ14C-DOC of precipitation inmany other locations is nec-
essary to understand how long carbon stays in terrestrial ecosystems.

© 2020 Elsevier B.V. All rights reserved.
tal Planning, Graduate School of
8826, Republic of Korea.
1. Introduction

The global wet depositional flux of DOC to the Earth land surface is
estimated to be 0.3–0.5 Pg yr−1 (Iavorivska et al., 2016; Willey et al.,
2000) which is comparable to the global riverine DOC load of 0.2–0.4
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Pg yr−1 (Dai et al., 2012). Although the precipitation DOC has not been
explicitly included inmost carbon cycle models (Iavorivska et al., 2016;
Willey et al., 2000), it is potentially biodegradable to support productiv-
ity in terrestrial ecosystems (Iavorivska 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 precipita-
tion. However, the Δ14C-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 Δ14C-DOC of bulk precipitation ranged from −653 to +108‰
(Avery et al., 2006; Raymond, 2005). In eastern China under monsoon
climates, the Δ14C-DOC of bulk precipitation in 2014 ranged from
−494 to−153‰when the airmasswas transported from the continent,
while it ranged from−278 to−23‰when the airmassmoved from the
Yellow Sea and the East China Sea (Wang et al., 2016). In Seoul, Korea,
the Δ14C of an extracted component (dissolved humic-like substance)
of bulk precipitation during 2012–2013 ranged from −246 to −18‰
(Yan and Kim, 2017). The relatively low Δ14C-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 hori-
zons, subsequently providing allochthonous DOC in streams and rivers.
The relationship between the riverineΔ14C-DOC and the amount of pre-
cipitation has been investigated, and showed that the riverine Δ14C-
DOC is positively correlated with mean annual precipitation (Butman
et al., 2015). This suggests that relatively young DOC can be released
fromwatersheds receiving large amount of precipitation. However, pre-
cipitation itself may already have significantly modern DOC (i.e., high
Δ14C-DOC) influencing the stream and riverine Δ14C-DOC.

The Δ14C-DOC in precipitationmay not be directly reflected inΔ14C-
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 earthwas es-
timated to be 0.6% (Allen and Pavelsky, 2018). Seasonal variations of
Δ14C-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 Δ14C-DOC or Δ14C-TOC (unfiltered total organic carbon) in pre-
cipitation has been measured in eastern U.S. and eastern Asia (Avery
Jr et al., 2006; Raymond, 2005; Wang et al., 2016; Yan and Kim, 2017),
the Δ14C-DOC and Δ14C-POC collected at the same time have never
been compared, even though they can indicate the sources of the or-
ganic carbon in precipitation. The objectives of this study are to under-
stand the dynamics of DOC and POC in bulk precipitation for a full year
under Asian monsoon climates using Δ14C and optical analysis, and to
provide its implications for the carbon cycle.
2. Methods and materials

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 (Fig. S1). The
SNU is located on a hilly landscape in southern Seoul, which is the cap-
ital and largest metropolis of South Korea, with about 10million people
residing in a 605 km2 area. It is approximately 30 km east of the Yellow
Sea, which is located between mainland China and the Korean penin-
sula (Fig. S1). 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 1020 mm over the entire
study period, compared to the thirty-year (1981–2010)mean of annual
precipitation of 1451 mm (Korea Meteorological Administration,
https://data.kma.go.kr). In this study, 97% of the total precipitation
over the study periods was collected.

Precipitation samples (rain and snow)were directly collected in 10 L
glass beakers, which to avoid 14C contamination in the bottles were
pre-baked at 400 °C for 4 h (Raymond, 2005; Yan and Kim, 2012). The
beakers were placed on a table (80 cm above the rooftop) within 6 h
preceding precipitation, and then collected within 6 h of precipitation
termination, to minimize the effect of dry deposition on precipitation
samples (Raymond, 2005; Yan and Kim, 2012). The precipitation sam-
ples were filtered using pre-baked GF/F filters (pore size: 0.7 μm) at
400 °C for 4 h, then transferred to acid-washed 1 L polycarbonate bot-
tles, 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 alumi-
num 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 (Fig. S1). The Dorim stream is a
headwater stream in a forested watershed. All weekly samples were fil-
tered 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 Δ14C using
the same method as for the precipitation DOC described below.
2.2. Concentration of organic carbon and Δ14C analysis

The concentration of DOC ([DOC]) in theprecipitationwasmeasured
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 h to remove moisture, and then fumigated
on the pre-baked glass dish with 35% hydrochloric acid in a desiccator
for 4–6 h to remove particulate inorganic carbon (Komada et al., 2008).

To account for the influence of precipitation volume on concentra-
tion, the volume-weighted mean (VWM) concentrations were calcu-

lated as (∑
n

i
XiPiÞ=∑

n

i
Pi where Xi and Pi are the concentration of

organic carbon and the precipitation amount, respectively, for each pre-
cipitation event i, and n is the number of annual or seasonal precipita-
tion 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 trans-
ferred 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 O2. The
resulting CO2 was cryogenically separated in a vacuum extraction line,
and then sent to the National Ocean Sciences Accelerator Mass Spec-
trometry (NOSAMS) at Woods Hole, USA for isotopic analysis. For POC
isotopic measurement, the residues on the GF/F filters were first acidi-
fied with 10% high purity HCl 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 Δ14C-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 wasmoistenedwithHPLC 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 Δ14C of the filter was
negative, −434.53‰, indicating no 14C contamination of the lab to
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make the enriched Δ14C-DOC in the precipitation. The IAEA-C8 oxalic
acid was used routinely as a reference standard material, and showed
no evidence of 14C contamination. No 14C 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 14C analysis in our labora-
tory since 2013, and before this study, the Δ14C has never exceeded
70‰. The purchase history of 14C-labeled compounds from Dec., 2015
to Feb., 2017 in the other buildings on the SNU campus are listed in
Table S1, and these compounds were well-sealed and stored at the
proper place.

2.3. Optical analysis

Optical characteristics of DOMwere measured in 1.0 cm quartz cells
on, orwithin aweekof, the sampling date. UV–Vis absorbancewasmea-
sured by a Cary 300 UV–Visible spectrophotometer (Agilent Technolo-
gies, Santa Clara, CA, USA) between 200 and 750 nm at 1 nm
wavelength intervals, using Milli-Q deionized water as the blank.
SUVA254 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 be-
tween 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 fluores-
cence 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) (Fig. S2). The four components were identified using the
“OpenFluor” database (Murphy et al., 2014a, 2014b; www.openfluor.
org).

2.4. 137Cs isotope analysis

Among the nuclear weapons test and nuclear disaster prominent
signature radioisotopes (137Cs, 14C, and 91Sr), 137Cs (γ-decay, T1/2:
30.2 years) is a gamma emitter, while the others are beta emitters. In
the present study, 137Cs was chosen to monitor for nuclear weapons
testing. A conventional gamma ray spectrometry method was used to
measure the 137Cs. Approximately 500 mL of each sample was used
Fig. 1. The concentration of DOC and POC during the study period (12/30/2015–2/22/2017). T
precipitation event on 12/30/2015 is included in January. The check-marked sample on May 0
for gamma ray assay. The 137Cs 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 1332 keV was enclosed with passive
graded shielding (lead, iron, and copper) to reduce the background ra-
diation (Zare et al., 2016). Each sample was measured for 48 h at a
close distance (5 cm) from the detector.

2.5. Airmass backward trajectories

The air mass transport pathways before the start of all the precipita-
tion events were determined based on airmass backward trajectories
for a 120 hhind-cast at an arrival altitude of 500m. The globalmean life-
time of carbonaceous aerosols is approximately 4 days while its lifetime
can increase to 12 days depending on the spatial and temporal variation
of precipitation, which is the main sink process for the aerosols
(Iavorivska et al., 2017; Kanakidou et al., 2005). The arrival altitude cor-
responds to the well-mixed boundary layer in our location (Walker
et al., 2000; Yan and Kim, 2012). The airmass backward trajectories
were produced by using the Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT ver 4, http://ready.arl.noaa.gov/HYSPLIT.
php) model developed at the Air Resources Laboratory of NOAA
(Draxler and Hess, 1998) and the global data assimilation system
(GDAS, ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1) database. The
trajectory map was generated using the software TrajStat (Wang et al.,
2009; http://www.meteothinker.com/downloads/index.html).

3. Results and discussion

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 μM (Fig. 1), with the annual volume-weighted mean [DOC]
(VWMD)measuring at 66 μM for the period fromMarch 2016 to Febru-
ary 2017. The precipitation [DOC] is similar to those of other regions in
eastern Asia andAmerica in recent years (Iavorivska et al., 2016 and ref-
erences 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 sum-
mer 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).
he number of bars within a month is the number of samples collected in the month. The
2, 2016 was when pollen concentration was the largest (Table S2).

http://www.openfluor.org
http://www.openfluor.org
http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php
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http://www.meteothinker.com/downloads/index.html
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[POC] in precipitation ranged from 3 to 514 μM (Fig. 1), with the an-
nual volume-weighted mean [POC] measuring at 33 μM for the period
fromMarch 2016 to February 2017, andwhich is a half of the [DOC]. Sig-
nificant 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
Fig. 1), suggesting the [POC] can be strongly affected by not only fossil
fuel consumption, but also by local biogenic production.

3.2. Optical properties of dissolved organic matters in precipitation

Optical analysis has been employed to elucidate the sources of dis-
solved organic matter (DOM). The parallel factor analysis (PARAFAC)
has been widely used to differentiate the terrestrial, microbial, and ma-
rine 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, terrestri-
ally derived humic substances or polycyclic aromatic hydrocarbons
were dominant components of fluorescent DOM (C1 & C2 in Fig. 2).
The relatively high specific ultraviolet absorbance at 254 nm of wave-
length (SUVA254) of up to 2.21 L · mg−1 · m−1 and humification
index (HIX) up to 4.91 (Fig. 2) align with the PARAFAC results. In con-
trast to the fall and winter seasons, the fluorescent DOM in rainfall col-
lected during the spring and summer seasons contained up to 62% of
marine humic-like materials and microbially-derived fulvic acids, with
relatively low SUVA254 andHIX of 0.73 L ·mg−1 ·m−1 and 1.50, respec-
tively (Fig. 2). 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.

3.3. The Δ14C-DOC and Δ14C-POC in precipitation

The precipitation events were divided into two groups, one with
positive Δ14C, and the other with negative Δ14C (Fig. 3 and Table S2)
which were strongly dependent on season (Fig. 3b and c). The precipi-
tation Δ14C-DOC was the largest on Dec. 30, 2015, reaching 30633‰.
Then, the Δ14C-DOC in precipitation fluctuated downward, but
remained positive until Jun., 2016 (Table S2). The rain Δ14C-DOC be-
tween Jun. and Sep., 2016 ranged from −321 to −106‰, which corre-
sponds to the 14C age of 3050 and 835 YBP (years before present),
respectively (Fig. 3c). The rain Δ14C-DOC increased again to 2284‰ on
Nov. 11, 2016, and decreased to 316‰ on Feb. 19, 2017 (Table S2).
Fig. 2. Photochemical characteristics of DOM (dissolved organic matter) in precipitation. The ba
substances or PAHs; C2: terrestrial humic substances; C3: microbially-derived marine humic
protein-like materials). The yellow and blue lines are the SUVA254 and humification index (HIX
The multiple changes of Δ14C-DOC in precipitation during the study
period were strongly dependent on the wind directions (Fig. 3a), as in
previous studies (Wang et al., 2016). However, the values and pattern
of Δ14C-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 Δ14C-DOC ranged from −494 to
−153‰, while when the airmass mostly came from the Yellow Sea
and the East China Sea, it ranged from −278 to −23‰ (Wang et al.,
2016).

To the best of our knowledge, Δ14C-DOC larger than 1000‰ in pre-
cipitation has never been reported, although Δ14C of the stratospheric
CO2 reached 20000‰ in 1963, due to nuclear bomb testing
(Hesshaimer and Levin, 2000). The Δ14C-CO2 of the troposphere
reached approximately 1000‰ in 1963, and has rapidly diluted due to
distribution to other carbon pools (Richter et al., 1999; Trumbore
et al., 1996), such that the Δ14C-CO2 of the troposphere was about
30‰ 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 pro-
gram. The nuclear weapons test conducted on Jan. 6 and Sep. 9 in
2016 by North Korea. We tested for a prominent radionuclide (137Cs),
which would be released to the atmosphere during bomb testing. The
137Cs (661.66 keV), a fission product of 235U radioisotope, was not de-
tected in the precipitation samples. Thus, we cannot find any evidence
of a link between the high Δ14C values in precipitation and the nuclear
weapons.

The Δ14C-DOC results showed an apparent contradiction between
the Δ14C-DOC values and the PARAFAC analysis, because if DOM in pre-
cipitation is mainly derived from fossil fuels during the fall and winter
seasons, the Δ14C-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 Δ14C
mainly derived from fossil fuels and non-fluorescent DOM with high
Δ14C. Or the contradiction could be explained by the new formation of
enriched Δ14C from nitrogen that has interacted with neutrons (Enoto
et al., 2017; Vaughan and Lieu, 1964; Yankwich and Vaughan, 1954).
The DO14C, especially relatively low-molecular-weight organic com-
pounds, can be generated from inorganic nitrogen interactingwith neu-
trons (Vaughan and Lieu, 1964; Yankwich and Vaughan, 1954). A wide
variety of labeled one‑carbon compounds, such as cyanamide, methyl-
amine, and guanidine, was producedwhen ammonium salts and hydra-
zine sulfate crystals were irradiated with thermal neutrons and
subsequently dissolved in water, demonstrating the possibility of
r graph shows the relative proportion of each PARAFAC component (C1: terrestrial humic
materials, which is characterized as relatively aliphatic, low molecular weight DOM; C4:
), respectively.



Fig. 3. (a) Airmass backward trajectories at 500maltitude 120 h prior to precipitation at the study site (yellow circle) in South Korea, and (b) and (c) the precipitation eventswith positive
and negative Δ14C-DOC, respectively. The red lines in (a) are the trajectories with positive Δ14C-DOC in precipitation mainly during winter, whereas the blue dotted lines show the tra-
jectories with negative Δ14C-DOC mainly during summer. The starting points of trajectories are marked as stars. The lines without stars begin at a point outside the Fig. The number on
each line in (a) and the number on each bar in (b) and (c) are the sample number in Table S2.
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DO14C formation from inorganic nitrogen in the atmosphere (Vaughan
and Lieu, 1964; Yankwich and Vaughan, 1954).

If the same mechanism of producing extremely high Δ14C-DOC ap-
plies to the formation of POC, then 14C enriched POC in precipitation
would be expected during fall and winter. However, the Δ14C-POC
ranged from −410 to −8‰ (Fig. S3), which was significantly lower
than Δ14C-DOC (Fig. 3). The significant difference between Δ14C-POC
and Δ14C-DOC of precipitation indicates that the sources of DOC and
POC could be different.

3.4. Δ14C-DOC effects on the local stream and implications on the
carbon cycle

The sources of the extremely high Δ14C-DOC in precipitation are not
clear, and future studies of them are required. However, regardless of
the causes, the high Δ14C-DOC in precipitation may increase Δ14C-DOC
in streams and rivers. The Δ14C-DOC at the Dorim stream were +271,
+139, +285, and +283‰ in Apr., Aug., Sep., and Dec., 2016, respec-
tively (Fig. S4).

The high Δ14C values of themountain headwater did not directly re-
flect the rainΔ14C-DOC,whichwas up to 10000‰ in Apr., 2016, andwas
lower than−100‰ in Aug. and Sep., 2016 (Fig. 3, and Fig. S4), 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 Δ14C-DOC larger than 200‰ 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 Δ14C-
DOC higher than 200‰ in this study is surprising, and demonstrates
that the high Δ14C-DOC in precipitation has the potential to increase
stream Δ14C-DOC. If the precipitation Δ14C-DOC can increase stream



Fig. 4. Calculated Δ14C of terrestrial DOCwith Δ14C-DOC in precipitation and stream (see the Results and Discussion). The fppt is the ratio of surface area of a stream to that of a watershed.
The blue line is when fppt is 0.6%, and the orange line is when fppt is 1%. The stream Δ14C-DOC sets as 280‰ and 140‰ in winter and summer, respectively.
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Δ14C-DOC, this indicates that the stream DOC derived from the terres-
trial components should be older than previously thought, especially
during winter.

The Δ14C-DOC derived from the terrestrial components were calcu-
lated using a simplemass balance equation (Eqs. (1) and (2)), when the
direct input of precipitation DOC to stream was considered.

Stream Δ14C−DOC ¼ f ppt � Precipitation Δ14C−DOCþ 1− f ppt
� �

� Terrestrial Δ14C−DOC ð1Þ

Terrestrial Δ14C−DOC ¼ ½ Stream Δ14C−DOC
� �

– f ppt � Precipitation Δ14C−DOC
� �

�= 1− f ppt
� �

ð2Þ

where stream Δ14C-DOC is the observed Δ14C-DOC of the local stream
(set as 140 and 280‰ in summer and winter season, respectively), fppt
is a fractional contribution of DOC inputted directly from precipitation
to stream DOC, precipitation Δ14C-DOC is the observed Δ14C-DOC of
the precipitation (−321 to 30,633‰), and terrestrial Δ14C-DOC is the
bulk Δ14C-DOC released from the terrestrial components. We assumed
that fppt is proportional to the surface area of the streamwithin the wa-
tershed, and set fppt of 0.006, the global mean ratio of surface area of
streams and rivers to the watersheds (Allen and Pavelsky, 2018).

When the high precipitation Δ14C-DOC was up to 30,633‰ in the
mass balance with fppt of 0.006, the terrestrial Δ14C-DOC decreased
from 280 to 97‰ in winter (Fig. 4). If the proportion of the stream
area in a watershed increases to 1% (i.e., fppt = 0.01), the Δ14C of terres-
trial DOC is even lowered to −27‰ (Fig. 4). This demonstrates that if
the stream area directly receiving precipitation increased, older terres-
trial DOC should be released to explain the stream Δ14C-DOC. In con-
trast, in summer when the rain Δ14C-DOC ranged from −321 to
−106‰, the effects of precipitation Δ14C-DOC were minimal (Fig. 4).

The Δ14C-DOC of the local streamwas different from those of a large
river downstream (the Han River, the largest river of South Korea). The
Δ14C-DOC of the Han River ranged from −129.1 to 66.8‰ (Fig. S4),
which was lower than that of the Dorim stream. This is probably be-
cause 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 Δ14C-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 fppt could
be overestimated in the above calculation. However, without field
measurements on DOC inputs from each source and a sophisticated car-
bon cyclemodel that incorporates DOC in precipitation, throughfall, soil
water, groundwater, and river system, it is challenging to accurately es-
timate the impacts of highΔ14C-DOC of precipitation on streamand riv-
erine Δ14C-DOC, warranting future studies.

Nonetheless, the results have a key implication on the carbon cycle,
since the input of extremely high Δ14C-DOC in precipitation can heavily
impair the accuracy of the 14C 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 Δ14C-DOC, caution is needed, un-
less precipitation Δ14C-DOC is measured at the same period. This
study indicates that the analysis of Δ14C-DOC of precipitation should
be expanded to many other locations around the world.

4. Conclusions

The Δ14C-DOC and Δ14C-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.We observed
extremely high Δ14C-DOC in precipitation up to 30633‰ when the
Northwesterly wind blows from the continent in winter while negative
Δ14C-DOC ranged from−321 to−106‰ in summer under Asian mon-
soon climates. However, the Δ14C-POC in bulk precipitation was nega-
tive for the same period, indicating the sources of POC and DOC in
precipitation can be different. The results suggest that the high Δ14C-
DOC in precipitation has a potential to raise Δ14C-DOC of a nearby
stream within a hilly watershed where water residence time is rela-
tively short. The causes of the high Δ14C-DOC in precipitation are not
clear, warranting investigation on the generality of the phenomena.
Nonetheless, the results suggest that riverine DOC derived from terres-
trial ecosystems could be older than previously thought. Considering
that Δ14C-DOC in precipitation has been measured only eastern US
and eastern Asia, we need to be careful when we interpret the riverine
Δ14C-DOC unless that of precipitation is measured at the same time, es-
pecially in a hillywatershedwhere riverine discharge is strongly depen-
dent on precipitation.
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