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[1] Although land-water carbon (C) transport represents a critical link in the global C cycle,
rare attempts have been made to compare hydrologic controls over storm pulses of
dissolved organic C (DOC) and particulate organic C (POC) in mountainous watersheds.
An immersible UV/Vis spectrophotometer was used to comparatively investigate the
rapid storm responses of stream water DOC and POC in a small mountainous forested
watershed in South Korea. High-frequency measurements at 5-min intervals during
42 hydrologic events, including monsoon storms and winter snowmelts, showed consistent
patterns: POC concentrations were lower than DOC concentrations during base flow
and small storm events but exceeded them during the peak flow periods of intense storm
events. Although both the DOC and POC concentrations had hysteretic relationships with
discharge, the POC concentrations showed larger increases and variations after crossing
a threshold discharge on the rising limb of the storm hydrograph. Stronger responses to
intense storms resulted in a disproportionately large export of POC at high flow, whereas
a large portion of the total DOC flux was exported under prevailing low-flow conditions.
The results demonstrate the potential of in situ optical measurements for investigating
fine-resolution dynamics of the DOC and POC export during storm events. Stronger storm
responses of the POC export compared to the limited response range of the DOC export
suggest that erosion-induced POC export will become more important as a major pathway
for the hydrologic soil C loss from mountainous watersheds in response to an increasing
occurrence of extreme storm events.
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1. Introduction
[2] The transport of terrestrial carbon along streams and
rivers to the oceans constitutes an important link in the global
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carbon cycle [Hope et al., 1994; Cole et al., 2007; Battin
et al., 2009]. Recent studies have suggested that inland
waters can transport, mineralize, or sequester a significant
portion of the annual terrestrial sink derived from anthropogenic emissions of CO2 [Battin et al., 2009; Tranvik et al.,
2009; Luyssaert et al., 2010]. Uncertainties in estimating C
export from terrestrial sources and in-stream transformation
and sedimentation of the exported C have resulted in a wide
range of estimates for the riverine C transport from 0.4 to
2.7 Pg C yr1 [Meybeck, 1982; Hope et al., 1994; Cole et al.,
2007; Tranvik et al., 2009]. Among the terrestrial sources,
mountainous watersheds have received little attention as
sources of dissolved organic carbon (DOC) and particulate
organic carbon (POC). Although individual small mountainous streams and rivers transport relatively small amounts
of sediment, their combined loads can contribute to over half
the global river sediment flux [Milliman and Syvitski, 1992]
and may transport a similar fraction of the global POC flux
[Alvarez-Cobelas et al., 2012]. Even though differences in
sources and physico-chemical characteristics of DOC and
POC exist [Battin et al., 2008], hardly any attempts have
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been made to compare the hydro-biogeochemical processes
underlying the DOC and POC export from mountainous
watersheds.
[3] Decades of research have shown that hydrology plays
a pivotal role in DOC export from terrestrial ecosystems
[Bormann et al., 1969; McDowell and Likens, 1988;
Hornberger et al., 1994; Raymond and Saiers, 2010]. Storminduced increases in stream water DOC concentrations with
an increase in discharge have been explained in terms of
a “flushing” mechanism; according to this mechanism, the
rising water table during storm events mobilizes the organic
matter accumulated in the surface soil horizons [Hornberger
et al., 1994; Hinton et al., 1997; Inamdar et al., 2004; Hood
et al., 2006]. Despite the successful trials conducted to
explore the hydrologic mechanisms for DOC export using
extensive monitoring data collected over the recent decades
[e.g., Raymond and Saiers, 2010], we still lack a mechanistic
understanding of hydrologic controls over POC export. A
few early studies observed complex relationships between
the discharge and POC concentrations, including curvilinear
responses of the POC export to discharge in contrast to
the linear responses of the DOC export [Fisher and Likens,
1973; Wallace et al., 1995]. As suggested by an early study
on particulate matter loss from a Hubbard Brook watershed
[Bormann et al., 1969], a few large storm events can account
for a large fraction of the annual POC export due to rapid and
large increases in surface erosion during intense storms.
[4] The significance of storm events for the hydrologic
export of both DOC and POC, along with a more frequent
occurrence of extreme hydrologic events as a consequence
of climate change [Min et al., 2011], necessitates highresolution monitoring to predict changes in biogeochemical
transport in stream water in response to increasing variability
and extremes in precipitation [Kaushal et al., 2010; Pellerin
et al., 2011]. In situ optical measurements have recently
been used for high-resolution monitoring of DOC concentrations and fluxes in streams and rivers; these measurements
are based on advanced optical sensor technologies using
either DOM fluorescence [Spencer et al., 2007; Downing
et al., 2008; Saraceno et al., 2009; Pellerin et al., 2011] or
DOM UV absorbance [Waterloo et al., 2006; Koehler et al.,
2009]. Given that fluorescence-based optical sensors were
originally developed for marine studies [Coble, 2007], the
successful application of fluorescence measurements to in
situ DOM monitoring requires instrument validation that can
overcome, for example, sediment interference in unfiltered
stream water [Saraceno et al., 2009]. In an agricultural
watershed in California, Saraceno et al. [2009] found a very
high correlation between the DOC concentrations and the
DOM fluorescence measured after filtering; however, filter
clogging resulted in data loss during the later monitoring
phase. UV/visible spectrophotometers can be used for continuous in situ measurements of DOC, without any filtering
system, because they calculate the UV absorbance of DOM
as the difference between the total absorbance over a wide
range of wavelengths and the sediment-related absorbance
allocated to a particular high wavelength range [Waterloo
et al., 2006; Koehler et al., 2009].
[5] In this study, a stream-immersible UV/visible spectrophotometer was used for simultaneous in situ measurements
of DOC and POC concentrations in a headwater stream
draining a small mountainous forested watershed in South
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Korea. In-stream optical measurements at 5-min intervals
were complemented by laboratory analyses of DOC and
POC in stream water samples collected at 2-h intervals
during several storm events, to validate the accuracy of in
situ measurements. The objectives of this study were (1) to
examine the potential of the in-stream monitoring system for
high-frequency, continuous monitoring of the export of DOC
and POC during various hydrologic events, (2) to investigate
hydrologic controls over DOC and POC export during storm
events of different intensity and duration, and (3) to evaluate
the importance of storm events for the organic carbon export
from erosion-prone mountainous watersheds.

2. Materials and Methods
2.1. Study Site and Sampling
[6] The study site is located in the Haean Basin, which is a
bowl-shaped mountainous basin in northern South Korea
(38 15′–38 20′N; 128 05′–128 10′E; 400 m–1,304 m asl),
1–2 km south of the demilitarized zone (DMZ) between
South and North Korea (Figure 1) [Jo and Park, 2010]. The
bedrock in the Haean Basin consists of highly weathered
biotite granite at the bottom of the basin; during the Jurassic
period this granite intruded the overlying metamorphic rocks
that now form mountain ridges [Kwon et al., 1990]. Mixed
deciduous forests are found on the steep slopes and mountain
ridges, comprising 58% of the entire basin area (60 km2).
Most of these forests have been reestablished naturally after
recurrent forest fires in the two decades following the Korean
War in 1950–1953. Dominant tree species include Mongolian
oaks (Quercus mongolica), Daimyo oaks (Quercus dentata),
and Korean ashes (Fraxinus rhynchophylla). Typical soils in
the forested mountain slopes are dry to slightly moist brown
soils (acid Cambisols according to the FAO World Reference
Base for Soil Resources), with a mean composition of 64%,
26%, and 10% for sand, silt, and clay, respectively. The
forest floor consists of moder-like O horizons, with a distinct
Oi horizon and less distinct Oe/Oa horizons.
[7] Stream water sampling and in situ optical measurements were conducted in a forest stream draining a small
forested watershed (total area: 38 ha; average slope: 21 ),
where routine biweekly biogeochemical monitoring along
with continuous micrometeorological measurements have
been conducted since May 2008 (Figure 1). At an intensive
monitoring plot (0.25 ha) in the forested watershed, we
collected throughfall (n = 4) and forest floor leachates using
zero-tension lysimeters (n = 4) and micrometeorological data
including air temperature, and soil temperature and volumetric water content at depths of 10 cm and 30 cm. Two bulk
precipitation samplers were installed in an opening adjacent
to the monitoring plot. An automatic weather station (AWS)
was installed on the same opening in May 2009 for continuous measurements of air temperature, precipitation, relative
humidity, and wind direction and speed.
[8] Since July 2009, discharge has been measured in the
forest stream using a V notch weir. A vented pressure transducer (MDS-Dipper, Druck PDCR 830, SEBA Hydrometrie
GmbH, Germany), compensated for barometric pressure, was
installed in a fully screened polyvinyl chloride (PVC) tube in
a shallow pool upstream of the V notch weir. The pressure
transducer, weir, and adjacent channel were surveyed with
a total station tachymeter (Nikon DTM 450), and repeated
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Figure 1. Locations of the study site and monitoring equipments in the Haean Basin, South Korea.
Collection of throughfall (n = 4) and forest floor leachates (n = 4) and continuous measurements of air temperature, soil temperature, and moisture were performed in a 0.25-ha monitoring plot. An automatic
weather station (AWS), along with two bulk precipitation samplers, was installed in an opening adjacent
to the monitoring plot.
measurements were found to be accurate to less than
0.002 m. Water level measurements occurred every 5 min
and were stored in a data logger. In addition, periodic manual
water level measurements were performed during events at
least every 2 days on an hourly basis. The accuracy of the
manual measurements was 0.004 m, which was similar to
that of the automated measurements (0.002 m). Measurements of Q obtained from the weir formula were checked
against direct measurements (by taking the time it takes to fill
a larger container of known volume that collects the entire
flow over the weir) and found to be within 1% of the direct
measurements.
[9] We collected stream water samples a few meter
upstream of the weir at intervals of 2–4 weeks from May
2009 to January 2011. Stream water samples were collected
at the mid-depth of the thalweg using a 1-L Teflon bottle.
During routine stream water sampling, we also measured the
in situ water quality parameters including water temperature,
pH, electrical conductivity, and dissolved oxygen. Stream
water samples were collected every 2 h using an autosampler
(6712 Portable Sampler, ISCO) during five storm events
over two summer monsoon periods, namely, 18–19 July
and 11–14 August in 2009 and 2–3 July, 16–19 July, and
2–3 September in 2010.

2.2. In Situ Optical Measurements
[10] In situ measurements of TOC and DOC concentrations in the forest stream were performed at the same
location as the routine water sampling from 17 July 2009 to
29 October 2010, using the immersible UV/Vis spectrophotometer (carbo::lyser™, s::can Messtechnik GmbH, Austria;
hereafter termed in-stream C analyzer). While another multiparameter probe (spectro::lyser™) manufactured by the
same company has been used for continuous measurements
of DOC in the Amazon Basin [Waterloo et al., 2006] and in
an Irish blanket bog [Koehler et al., 2009], we used the
new cost-effective model whose spectral measurements are
predefined for TOC, DOC, and turbidity. The photometer has
a two-beam optical design for auto-compensation, with three
options of optical path length for different measurement
ranges. We used the option of 5 mm path length that is
fitted to measurement ranges of 1–150 mg L1 for TOC and
0.5–75 mg L1 for DOC. Rapid scanning of light absorbance
is performed over the UV/Vis range from 220 to 720 nm,
allowing high-resolution optical measurements at temporal
resolutions of minutes. Unlike the more advanced model, the
used photometer does not provide original optical measurements, so the examination of signal-to-noise ratios across the
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measurement wavelength range was not possible. Given
the consistency in calculated values of TOC and DOC for
measurements periods of known concentrations, however,
optical measurements appeared accurate even under conditions of low flow and C concentrations.
[11] The in-stream C analyzer uses standardized spectral
algorithms called “global calibration” and multiple absorbance values measured over the range from 240 to 280 nm to
calculate the TOC concentrations. The DOC concentrations
are obtained by compensating absorbance by particles from
that of TOC, on the basis of mathematical fitting derived
from absorbance measurements at the multiple turbidityrelated wavelengths in the visible range between 450 and
650 nm. While spectral algorithms are predefined only for the
TOC and DOC concentrations, we calculated the POC concentrations as the difference between the TOC and DOC
concentrations. Both the original DOC and POC concentrations measured by the in-stream C analyzer were corrected by
complimentary laboratory measurements, with water samples collected under a wide range of flow conditions including over 20 biweekly routine samplings, five storm events
during the summer monsoon period, and a snowmelt period.
[12] The in-stream C analyzer was immersed in the stream
channel parallel to stream flow, with the sensor head facing
the streambed to minimize settling of particles and other
debris. Absorbance spectra were measured every 5 min, and
the sensor head was cleaned by compressed air every 10 min,
prior to spectral measurements. The instrument was deployed
in the stream for continuous monitoring, but had to be
removed from the stream either to prevent freezing damages
during the winter (November 2009 through February 2010)
or to conduct laboratory experiments on turbidity effects in
April 2010. For these instances and other on-site instrumental
sensitivity check-ups, the performance of the deployed
instrument was assessed with ultrapure water and DOC
standards. Although utmost care was exercised to prevent
instrumental failure associated with sediment accumulation
over the instrument, the instrument was buried under sediments and other coarse debris during a couple of intense
storm events in 2010.
2.3. Laboratory Experiment to Examine Turbidity
Effects on Optical Measurements
[13] To examine whether large differences in the DOC
concentrations between the in situ and the laboratory measurements during intense storm events were influenced by
light absorption of suspended sediments with low C contents
and associated inaccurate turbidity compensation, we conducted a laboratory experiment with artificial stream water
samples. Organic materials from the Oe and Oa horizons and
organic-rich mineral soils from the A horizon were collected
as sources of DOC and suspended sediment. Samples were
sieved (2 mm mesh) and then mixed with ultrapure water in a
PE bottle to extract dissolved organic matter. After shaking
the bottle on a reciprocal shaker for 24 h, large particles were
allowed to settle briefly (<30 min) and the supernatant was
collected as the artificial stream water sample.
[14] After determining the DOC concentration and turbidity, the sample was diluted with ultrapure water to form
a series of artificial stream water samples having different
turbidities (0, 52, 273, 541, and 1081 NTU; measured by
6920 Water Quality Monitoring System, YSI), which had
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been observed under various hydrologic conditions at the
study site. Because the DOC concentrations of the prepared
samples were considerably lower than those observed in situ
under similar levels of turbidity, we added various amounts
of high-DOC leachate extracted from shredded litter to the
five sets of artificial stream water samples. The concentrations of DOC and POC in the final artificial stream
water samples were measured in a sample holder attached
to the sensor head of the in-stream C analyzer. During
the measurements, the instrument was placed on a gently
moving shaker to simulate sediment suspension in the flowing stream. After the measurements, the samples were filtered
through a pre-combusted glass fiber filter (GF/F, Whatman;
nominal pore size 0.7 mm) and then determined for DOC
concentrations in the laboratory (described next section)
for comparison with the optical measurements.
2.4. Chemical Analysis
[15] Stream water samples were refrigerated at <4 C after
sampling and filtered within 24 h. A portion of the water
sample (50–200 ml) was first filtered through a plastic sieve
with a 2-mm mesh to remove large particles and debris
and then through a pre-combusted GF/F filter. The concentrations of total suspended solid (TSS), as a measure of
suspended sediment, were measured gravimetrically as the
difference in the filter weight before and after filtering. Prior
to filtering the samples, the GF/F filters were combusted
at 450 C to remove any organic materials in the filters and
then weighed. After the samples were filtered, the filters were
dried at 65 C to a constant weight and re-weighed for calculating TSS. The dried filters were fumed with HCl in a
sealed desiccator to remove inorganic C prior to the POC
measurements.
[16] The POC on the filters was measured with an
elemental analyzer (vario MAX CN, Elementar, Germany).
The DOC concentrations in the filtered water samples were
measured with a TOC analyzer using high-temperature
combustion of organic matter followed by thermal detection
of CO2 (TOC 5000a, Shimadzu, Japan). For each batch of ten
samples measured for POC and DOC, we carried out continuous concentration verification with a check standard and
a baseline contamination check using both the field and
the laboratory blanks. As an additional measure for quality
control, replicate analysis was conducted for approximately
10% of all the measured samples. The relative standard
deviations for the repeated measurements of check standards
were generally within 5%.
2.5. Data Analysis
[17] Data downloaded from the in-stream C analyzer were
first checked for any aberration from the expected temporal
patterns. High-frequency measurements at 5-min intervals
often showed unexpectedly high concentrations of DOC and
POC, even under base flow conditions, which might indicate
stochastic disturbances such as leaffall and the flow of debris
passing near the sensor. To filter off aberrant measurements,
each data point was assumed to be aberrant from consecutive
measurements for 1 h, if it was smaller than [mean  2 
standard deviation] or greater than [mean + 2  standard
deviation]. The filtered original data were corrected using the
regression equations between in-stream and laboratory measurements, as described in detail in the results section.
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Figure 2. Relationships between laboratory and in situ measurements of DOC and POC concentrations
in the forest stream over the monitoring period from July 2009 to September 2010 (n = 114). X symbols
indicate validation samples collected during an intense storm event before the monitoring period.
[18] Storm event periods were determined using a webbased hydrograph analysis tool (WHAT; http://cobweb.ecn.
purdue.edu/what/; Lim et al., 2005). The tool is based on a
digital filter method, which separates direct runoff as high
frequency waves from base flow (low frequency waves). For
the periods when storm events occurred, discharge data were
uploaded online to the WHAT system and the proportions of
direct runoff and base flow were calculated for each discharge data point. We determined the start and end point of
each storm event based on the proportions of direct runoff
and base flow. The period between the storm start and the
peak flow was differentiated as the rising limb of the storm
hydrograph and the remaining period of the storm event as
the falling limb. The relationships between discharge and the
concentrations of DOC and POC were established separately
for base flow and the rising and the falling limb of the storm
hydrograph. The best fit regression between the discharge
and the concentrations was plotted using a data analysis
software (SigmaPlot, version 10.0). We used the equations
for the relationships between discharge and the measured
concentrations of DOC and POC to estimate the DOC and
POC concentrations during the periods when the in-stream C
analyzer did not work. These estimated values were used to
calculate the annual or flow-based fluxes of DOC and POC.

our assumption that light absorbance by mineral particles
in highly turbid stream waters might have resulted in an
overestimation of the DOC concentrations, owing to an
inadequate compensation by the default mathematical fitting,
(Figure 3) [Jeong, 2010]. In the case of artificial stream
water samples without suspended sediment, the in-stream
C analyzer and laboratory measurements of the DOC concentrations had a strong linear relationship that was close
to the 1:1 regression line. However, the measurements of the
in-stream C analyzer became increasingly greater than the
measurements of the laboratory analyzer with an increase in
the concentrations of suspended sediment. The mismatch
between the in-stream and the laboratory DOC measurements over the largest concentration range can be ascribed
to nonlinear increases in light absorbance by suspended
particles, for which predefined algorithms were inadequate
in compensating for the turbidity-related spectra. Therefore,
all the original in-stream measurements were corrected using
the best fit regressions (Figure 2) as follows:
The corrected concentration of DOC ¼ 0:58 þ 3:43
 ð0:43  in situ DOC concentrationÞ1:81
n
o
= 1 þ ð0:43  in situ DOC concentrationÞ1:81 ;
The corrected concentration of POC ¼ 0:11 þ 41:22

3. Results
3.1. Comparison Between In-Stream and Laboratory
Measurements of DOC and POC
[19] The in-stream and laboratory measurements of DOC
and POC had linear relationships for most of the compared
measurements (114 samples) that covered a wide range of
hydrologic conditions (Figure 2). At very high flow, however, the in-stream measurements were much higher than the
laboratory measurements, resulting in overall, nonlinear
relationships for DOC (r2 = 0.84, P < 0.001) and POC (r2 =
0.98, P < 0.001). As compared to the POC concentrations,
the DOC concentrations showed much larger discrepancies
between the in-stream and the laboratory measurements
during a few extreme storm events.
[20] Complimentary laboratory experiments were performed using artificial stream water samples to corroborate

 ð0:05  in situ POC concentrationÞ1:58
n
o
= 1 þ ð0:05  in situ POC concentrationÞ1:58

3.2. Seasonal and Storm-Induced Variations in DOC
and POC Concentrations and Fluxes
[21] Routine monitoring at intervals of 2–4 weeks showed
that the DOC and POC concentrations were highly variable
with season and watershed compartments (Figure 4). The
concentrations of DOC and POC in bulk precipitation and
throughfall tended to be higher during relatively dry fall and
winter periods, without showing distinct differences between
DOC and POC. The DOC concentrations in the forest floor
leachate and stream water were generally higher than the POC
concentrations in the respective compartment throughout the
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Figure 3. Effects of turbidity (NTU) on the relationships between the in-stream C analyzer (carbolyser)
and laboratory measurements of DOC concentrations (mg C L1).
monitoring period. The concentrations of both DOC and
POC in the forest stream tended to be higher during the
summer monsoon period from late June through August than
during other periods.
[22] For the monitoring period from July 2009 to October
2010, the in-stream measurements captured storm pulses
of DOC and POC during 41 storm events out of a total of
58 storm events that had precipitation >5 mm. The in-stream
measurements were corrected with laboratory measurements
of DOC and POC in stream water samples collected over a
wide range of hydrologic conditions. Unlike the routine
monitoring results that showed relatively small temporal
variations in stream water concentrations of DOC and
POC, high-frequency measurements showed rapid and large
changes in the DOC and POC concentrations during storm
events (Figure 5). Storm-induced changes in the concentrations and fluxes of the DOC and POC showed consistent
storm response patterns depending on storm intensity, as
illustrated by the patterns observed during the four selected
events when intensive storm event stream sampling occurred
(Figure 5). Both the DOC and the POC concentrations
increased with an increase in the discharge during all
the monitored storm events; maximum concentrations were
obtained immediately before or during the peak flow.
[23] As observed by the routine monitoring, the DOC
concentrations remained higher than the POC concentrations
during small-scale or low-intensity storm events (Figure 5).
However, POC concentrations and fluxes became greater
than DOC concentration and fluxes during peak flow periods
of eight storm events that had total rainfall ranging from 44
to 210 mm (Table 1). These storm events were characterized
by either high cumulative precipitation before peak flow or
very high rainfall intensity during the hour when POC concentrations became greater than DOC concentrations. For
example, the peak POC concentrations exceeded the DOC
concentrations during event 50, which had a higher hourly
rainfall prior to the POC peak despite a lower total rainfall
than event 37 (Figure 5, Table 1).

[24] During the late winter period from late February
through early March, 2010, the effects of snowmelt and/or
rain-on-snow during temporary warm periods were indicated
by moderate increases in the DOC and POC concentrations
(Figure 6). Unlike in cold temperate or boreal areas, snow
does not accumulate over the entire winter period in the study

Figure 4. Temporal variations in hourly precipitation (ppt,
mm), volumetric soil moisture (%) at 30 cm depth, discharge
(m3 sec1), and the concentrations of DOC and POC (mg C
L1) measured during routine monitoring of bulk precipitation (n = 2), throughfall (n = 4), forest floor leachate (n = 4),
and the forest stream (n = 1) from May 2009 to January
2011. Error bars indicate  one standard deviation.
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Figure 5. Short-term changes in the concentrations and fluxes of DOC and POC in the forest stream
during four selected storm events when complementary storm event stream water sampling was conducted.
In-stream continuous measurements are indicated by lines (“in-stream”), whereas the laboratory measurements are represented by hollow circles (DOC) or solid triangles (POC).
area owing to frequent snowmelts. While rain-on-snow
events during warm periods resulted in small pulses of both
DOC and POC, other snow or rain-on-snow events (e.g.,
events around March 5) concurred with low temperature,
resulting in no noticeable changes in soil moisture, discharge,
and the concentrations of DOC and POC (Figure 6).
3.3. Relationships Between Discharge and
Concentrations and Fluxes of DOC and POC
[25] During all monitored storm events, the concentrations
of DOC and POC had hysteretic relationships with discharge,
showing clockwise temporal variations (four selected storm

events shown in Figure 7). Even under similar flow conditions, higher concentrations occurred along the rising than the
falling limb of the storm hydrograph. The POC-discharge
relationships showed large variations corresponding to the
size and/or intensity of the storm events. The DOC-discharge
relationships were less variable owing to smaller storminduced changes in the DOC concentrations with peak
values of 3–4 mg C L1. During small storm events, the
DOC concentrations showed very small variations over the
lowest range of discharge (e.g., event 33 shown in Figure 7).
When all storm event data were accumulated, idiosyncratic
relationships were established between discharge and the

Table 1. Rainfall Characteristics of Eight Storm Events When the Peak POC Concentrations Were Higher Than the DOC Concentrations
Rainfall
Event
1
4
7
34
42
44
50
55

Event Start Time
18-07-2009
11-08-2009
26-08-2009
05-07-2010
06-08-2010
12-08-2010
02-09-2010
02-10-2010

00:00
14:00
19:00
04:00
22:00
17:00
00:00
16:00

Rainfall Prior to POC Peak

Rainfall Duration
(hrs)

Amount
(mm)

Intensity
(mm hr1)

Pre-Peak
(mm)

Peak
(mm h1)

36
23
16
18
21
17
41
19

73
210
94
51
60
61
67
44

2.02
9.11
5.84
2.81
2.85
3.61
1.63
2.34

50
53
34
8
1
43
41
26

11
13
18
29
21
15
9
12
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Figure 6. Short-term changes in the concentrations and fluxes of DOC and POC in the forest stream during a winter-spring transition period in 2010. In-stream continuous measurements are indicated by lines
(“in-stream”), whereas laboratory measurements are represented by hollow circles (DOC) or solid triangles
(POC).
concentrations or fluxes of DOC and POC (Figure 8).
As found for each monitored storm event, the overall DOCdischarge relationship was less variable with a much smaller
concentration peak as compared to the highly variable POCdischarge relationships with a wide concentration range. The
trajectory of the relationship, particularly for POC, tends to

be more clearly defined for the falling limb of the storm
hydrograph and more variable and uncertain on the rising
limb.
[26] The characteristic relationships between discharge and
concentration resulted in differences in the distribution of
DOC and POC export according to discharge (Figure 9). For

Figure 7. Hysteretic relationships between discharge and the concentrations or fluxes of DOC and POC
during four selected storm events. Both C concentration and discharge data were collected at 5-min intervals, except during event 50, for which only hourly discharge data were available. For event 50, hourly discharge data were equally divided for each 5-min interval. The total precipitation and mean hourly
precipitation of each storm event are provided in the parentheses below the event title. The temporal progression of the hysteresis loops is clockwise for all cases.
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Figure 8. Relationships between discharge and the concentrations or fluxes of DOC and POC pooled for
the entire monitoring period from July 2009 to October 2010. Symbols represent means of discharge and
the concentrations or fluxes of DOC and POC for each of the discharge intervals (0.025 m3 s1) and error
bars 1 standard deviation (base flow: n = 63172; rising limb: n = 3489; falling limb: n = 2505).
the 1-yr monitoring period since the installation of the instream C analyzer (17 July 2009–16 July 2010), base flow
comprised 77% of the total discharge (Table 2). A substantial
portion (52%) of the total DOC export occurred during base
flow. The export of DOC did not differ notably between the
rising and the falling limbs of the storm hydrograph, and the
proportions of both fluxes in the total DOC export were
relatively small in comparison with the base flow export
(Figure 9, Table 2). The distribution of the POC export was
characterized by disproportionately high stormflow export
on the rising limb of the storm hydrograph during short, highflow periods (Figure 9, Table 2). The stormflow export
of POC accounted for 84% of the annual export, with one
extreme event representing 62%, while 52% of DOC export
occurred during base flow, which was slightly greater than
the stormflow export (48%).

post-measurement correction considerably enhanced the
accuracy of the in-stream C analyzer. The instrument can also
be calibrated with water samples collected from the study site
using the so-called “local calibration.” Through repeated in
situ and laboratory tests, however, we found that the local

4. Discussion
4.1. Potentials and Limitations of In-Stream Optical
Measurements
[27] High-resolution monitoring data covering over
40 storm pulses showed the usefulness of the in-stream C
analyzer for in situ, simultaneous measurements of DOC and
POC. Although the original in-stream measurements differed
from complementary laboratory measurements performed
using the laboratory TOC analyzer—a result that is consistent
with that of the previous studies using the similar instrument [Waterloo et al., 2006; Koehler et al., 2009]—the

Figure 9. Frequency distribution of discharge and the
fraction of DOC and POC exports based on the discharge
over the entire monitoring period from July 2009 to October
2010. The symbols represent either the frequency of each
discharge interval or the fraction of the total export of DOC
and POC for a discharge interval of 0.025 m3 s1 (base flow:
n = 63172; rising limb: n = 3489; falling limb: n = 2505).
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Table 2. Summary of Discharge and the Export of DOC and POC Separated According to the Flow Conditions Over the 1-Yr Period
From 17 July 2009 Through 16 July 2010a
Ppt
Component
Base flow
Stormflow

Total

Rising
Falling
Subtotal
(Event 4)

Discharge

1

POC Export

(m ha )

(%)

(kg C ha )

(%)

(kg C ha1)

(%)

0

4860
534
887
1421
(562)
6281

77
9
14
23
(9)
100

3.48
1.34
1.88
3.22
(1.54)
6.70

52
20
28
48
(23)
100

0.69
2.53
1.12
3.65
(2.71)
4.34

16
58
26
84
(62)
100

1068
(210)
1068

1

DOC Export

(mm)

3

a

DOC and POC exports during one extreme event (event 4) are shown in parentheses.

calibration could not resolve large discrepancies in the DOC
concentrations under high-flow conditions owing to overestimation associated with inaccurate turbidity compensation
(Figure 3). In addition, spectral algorithms used in both the
global and the local calibrations were defined only for TOC
and DOC. Therefore, the most efficient way to obtain both
the DOC and POC measurements is the post-measurement
correction, with laboratory measurements of water samples
collected under various flow conditions. We suggest that
in-stream measurements can be used without further complementary water sampling and laboratory analysis after
establishing reliable correction equations for a wide range
of flow conditions that can occur in a specific study site.
[28] The fact that the absorbance-based C analyzer has
relatively low maintenance requirements as compared to
other instruments requiring difficult maintenance procedures,
such as filtering for a fluorescence-based optical sensor
[Saraceno et al., 2009], is an important advantage of the
in-stream C analyzer. Because the sensor head is frequently
cleaned with compressed air, contamination and interference
by settling particles are rare problems under low-flow conditions. The instrument failed during a few extreme storm
events owing to sediment overloads. We did not use any
artificial structure to protect the instrument during these
events, because our primary objective was to perform
in-stream measurements under natural conditions. To prevent
data loss, however, the instrument can be temporarily placed
in artificial structures that can protect it from sediment
overloads.
4.2. Differences Between Hydrologic Controls of DOC
and POC Export
[29] High-frequency, in-stream measurements showed a
consistent pattern of increasing DOC and POC concentrations with an increase in discharge during 40 storm events.
Different magnitudes of storm responses for DOC and POC
(Figure 5), along with different relationships between discharge and the concentrations and fluxes of DOC and POC
(Figures 8 and 9), suggest that the controlling mechanisms
for the export of DOC and POC differ from each other. Our
finding of the different storm responses of DOC and POC is
consistent with previous studies that have suggested fundamentally different mechanisms for the terrestrial export
[Alvarez-Cobelas et al., 2012] and the transport through
fluvial networks [Battin et al., 2008] of DOC and POC. The
different relationships of DOC and POC with discharge
might also reflect the different origin and nature of DOC
and POC export. While relatively gradual increases in DOC
concentrations and fluxes corresponding to rising discharge

across the storm events of different magnitudes indicate
a consistent behavior of DOC export from surface soil horizons, large increases in POC concentrations and fluxes
above a certain level of discharge point to the threshold
behavior of POC mobilization from erosion-prone terrestrial
sources and/or streambed sediments during high flow.
[30] Although numerous studies have investigated organic
C export from various types of watersheds, as reviewed by
Hope et al. [1994] and Alvarez-Cobelas et al. [2012], only a
few studies have compared storm responses of DOC and
POC in headwater forested watersheds [e.g., Kim et al.,
2010]. In a small headwater watershed that is forested with
old deciduous trees (80–200 yrs old), Kim et al. [2010] also
found larger changes in the stream water concentrations
of POC than those of DOC during storm events, but could
not fully explain the differences in the magnitude of storm
responses between storm events owing to the low resolution
of stream water sampling. In contrast, our high-frequency
measurements allowed us to capture the transient dominance
of POC over DOC during very short peak flow periods.
Rainfall patterns characterizing eight storm events, exhibiting the POC dominance (Table 1), indicate the rainfall
intensity immediately before or during the peak flow period
as the critical factor determining the storm pulses of POC.
[31] Storm-induced increases in the DOC and POC export
are consistent with the results of the previous studies that
showed either increasing DOC concentrations as a result
of hydrologic flushing of potentially soluble organic matter
accumulated in upper soil horizons [Hornberger et al., 1994;
Inamdar et al., 2004; Raymond and Saiers, 2010] or
increasing POC concentrations due to enhanced surface
erosion during peak flow periods of intense storm events
[Coynel et al., 2005; Kim et al., 2010]. Differential responses
of DOC and POC depending on the storm intensity might be
explained on the basis of the fact that a relatively high
threshold energy is required to initiate erosion of soil and
organic matter particles [Hope et al., 1994; Dawson and
Smith, 2007]. Large differences in the POC concentrations
between low- and high-flow conditions as compared to the
small range of increasing DOC concentrations with an
increase in discharge (Figure 8) imply that POC export
increases more steeply after passing a certain threshold discharge compared to the rather gradual increase in DOC
leaching. The potential sources (e.g., bare soil surface, stream
bank, and streambed sediments) of POC appear to be spatially localized, including highly convergent zones receiving
large inputs of lateral runoff. Specific flow paths that are
formed variably during different storm events might affect
the hydrologic connection between the POC sources and the
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stream, resulting in high variability in the POC export among
events and between the rising and falling limbs of the storm
hydrograph. Divergence in the POC concentrations between
the falling and the rising limbs of the storm hydrograph
began at discharge levels above 0.1 m3 s1; these discharge
levels are assumed to serve as thresholds for initiating drastic
increases in the POC export in this watershed.
[32] The lower concentrations of DOC and POC on
the falling limb of the storm hydrograph (Figures 7 and 8)
suggest that storm responses of both DOC and POC are
hysteretic. The hysteretic relationships between discharge
and solute concentrations have been observed for DOC
[Hornberger et al., 1994; Butturini et al., 2006; Raymond
and Saiers, 2010] and POC [Coynel et al., 2005]. Previous
studies showed various shapes and rotational patterns of
DOC-discharge hysteresis loops [e.g., Butturini et al., 2006].
For example, Butturini et al. [2006] ascribed the counterclockwise DOC-discharge hysteresis to a delayed peak of
storm runoff rich in DOC. Our results showed a consistent,
clockwise progression of the hysteresis loops. This pattern
indicates a depletion of potential sources in soil pools that
drive DOC increases on the rising limb of the storm hydrograph through hydrologic flushing [Hornberger et al., 1994;
Raymond and Saiers, 2010].
[33] The consistent clockwise rotation and wide gaps
between the rising and falling limbs of the POC hysteresis
loops observed in this study suggest that the majority of
suspended sediment and organic C is eroded on the rising
limb of the storm hydrograph, with its response magnitude
depending on the rainfall intensity and the antecedent moisture conditions. As suggested by Coynel et al. [2005] in
explaining the clockwise POC hysteresis loops observed in a
Pyrenean mountainous watershed in France, the POC pulses
on the rising limb might primarily have derived from easily
erodible sources such as streambed sediment and organic
matter that is loosely attached to stream bank and bare soil
surface. Drastically reduced concentrations of POC on the
falling limb of the storm hydrograph might be related, in part,
to the fast receding surface runoff containing large amounts
of organic materials and the increasing importance of shallow
groundwater (presumably having lower C concentrations
than leachates in the upper soil horizons) after crossing a
certain threshold discharge.
[34] A distinct difference in the hysteresis relationships
between DOC and POC is the much larger variability in the
POC concentrations and fluxes on the rising limb of the
storm hydrograph, particularly for the intermediate and high
discharge ranges (Figure 8). This large variability has been a
common feature of the hysteresis relationships between discharge and suspended sediment [Lenzi and Marchi, 2000] or
POC [Coynel et al., 2005] in mountain streams. In a small
stream in the eastern Italian Alps, for example, Lenzi and
Marchi [2000] found various forms of either clockwise
or counter-clockwise hysteresis relationships between discharge and suspended sediment concentrations and ascribed
these complex patterns to spatiotemporal changes in the
contribution of major sources on slopes and channel banks.
While clockwise hysteresis loops have been more common,
counter-clockwise patterns have been observed and associated with an increase in the sediment export from sources
that make a larger contribution during the later phase of
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long-duration storms [Whitfield and Schreier, 1981; Lenzi
and Marchi, 2000; Nagorski et al., 2003].
4.3. Importance of Storm Pulses of DOC and POC
as Soil C Loss
[35] Although both the DOC and POC export increased
during storm events, the differences in the flux distribution
over the range of discharge suggest that the relative importance of POC over DOC increases under high-flow conditions induced by repeated intense rainfalls during the summer
monsoon period. Many studies have compared the relative
importance of DOC and POC for annual hydrologic C export
[Wallace et al., 1995; Shibata et al., 2001; Dawson et al.,
2002; Johnson et al., 2006; Kim et al., 2010]. These results
should be compared carefully, because different monitoring
schemes and sampling resolution have been used for different sizes of watersheds with different topographic characteristics. In a comprehensive review on the riverine C export,
Hope et al. [1994] found that the annual export of DOC and
POC from >40 watersheds in temperate areas ranges from
3 to 81 kg C ha1, with the ratio of DOC to POC varying
from 0.1 to 70. In most watersheds reviewed by Hope et al.
[1994], however, POC comprised a small (<10%) portion
of the total organic C export. Johnson et al. [2006] compared
DOC and POC exports from nine non-montane, forested
headwater watersheds and found that the ratio of DOC to
POC ranged from 0.41 to 5.1. In a recent review on organic
C export from 550 watersheds worldwide [Alvarez-Cobelas
et al., 2012], POC comprised, on average, less than a third
of the TOC export. However, these previous syntheses have
also shown that the relative importance of POC is emphasized by the studies that were conducted in mountainous
watersheds and/or based on frequent sampling schemes.
Given the relatively high mean slope angle (21 ), the steep
slopes of the studied watershed are considered more vulnerable to soil erosion and POC export than non-montane
watersheds. The high-frequency measurements employed in
this study allowed us to evaluate the varying relative importance of DOC and POC under different flow conditions
(Table 2, Figure 9) and suggest that POC dominates the
organic C export on the rising limb of the storm hydrograph
after crossing a threshold discharge.
[36] The estimates of the annual DOC and POC exports
(Table 2) are in the low range of the annual export of DOC
and POC from various types of watersheds, compiled by the
previous syntheses [Hope et al., 1994; Johnson et al., 2006;
Alvarez-Cobelas et al., 2012]. The relatively low annual
organic C export reflects the low potential of DOC leaching
from labile pools of soil C stored in this young forest
regenerated from recurrent disturbances in the recent past.
The low organic C export might also be related, in part, to the
unusually low precipitation (1068 mm) during the study year
from July 2009 to July 2010, compared to the mean annual
precipitation around 1500 mm. Given the large variations in
the POC export at high flows, the small number of intense
storm events during this relatively dry year might have
influenced the POC export from the otherwise erosion-prone
watershed more strongly than the DOC export. By comparison, more than half of the DOC export occurred under prevailing low-flow conditions, indicating the limited potential
for storm-induced increases in the DOC export from this
steep upland watershed with few wetland sources of DOC.
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[37] During the 1-yr monitoring period for which the
annual C export was estimated (Table 2), one short, but large
storm event with a total rainfall greater than 200 mm comprised a disproportionately large proportion of the annual
C export (particularly that of POC), suggesting that storm
events can contribute substantially to the annual C export.
Given the importance of storm events in the annual C export,
the export of DOC and POC can substantially increase and
hence comprise a significant portion of the annual soil C loss
in response to an increase in the occurrence of extreme
rainfall events. For example, the estimated export of DOC
(7.0 kg C ha1) and POC (20.0 kg C ha1) during another
extreme event in 2010 (341 mm for 3 d) far exceeded the
annual export (Table 2). Heavy storm events have recently
been observed to increase in frequency and intensity over a
large part of the Northern Hemisphere as a consequence of
global climate change [Allan and Soden, 2008; Min et al.,
2011]. More frequent occurrence of extreme monsoon rainfall events has been observed recently in the eastern monsoon
Asia including the Korean Peninsula [Choi et al., 2008].
Considering the disproportionate importance of short extreme
events for the annual hydrologic C export, our results
emphasize that storm pulses of DOC and POC can constitute
major pathways of soil C loss in mountainous watersheds
in response to intensifying monsoon rainfalls.

5. Summary and Implications
[38] Our high-frequency monitoring data provide a rare
opportunity to compare the storm responses of DOC and
POC from mountainous watersheds on the very fine time
scale. To the best of our knowledge, an in situ sensor based
on light absorbance has been used for the first time for the
simultaneous monitoring of DOC and POC. Although the
in-stream C analyzer has some technical limitations including inaccurate turbidity compensation at high flow, our
results suggest that appropriate data correction procedures
can allow the in situ sensor to be used for investigating highresolution dynamics of the DOC and POC exports under
various hydrologic conditions.
[39] Unlike routine (biweekly to monthly) or low-resolution
(hourly) storm event sampling, the high-frequency (5-min
interval), in-stream optical measurements allowed us to
distinguish differential storm responses of DOC and POC,
which depended more on storm intensities than the total
precipitation. Consistent, clockwise progressions of the
hysteresis loops between the discharge and the concentrations or fluxes of DOC and POC suggest a limited supply of
leachable or erodible organic materials from the source soils
during the falling limb of the storm hydrograph. A considerably larger variability in the POC concentrations and fluxes
compared to the relatively small response range of DOC
indicates fundamentally different mechanisms involved in
the export of POC from erosion sources and the hydrologic
flushing of DOC largely from upper soil horizons. POC
export from convergent zones receiving lateral inputs of
runoff might require a certain level of cumulative rainfall and
this threshold behavior might be affected by the connection
of storm water to the stream via specific flowpaths that form
variably during different storm events, resulting in large
variability in the storm responses of POC. When data are
accumulated from multiyear monitoring at more diverse
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sites, this type of empirical relationship between the rainfall
intensities and the POC concentrations can be used to predict
the occurrence of soil erosion events and large POC export
based on hydroclimatic data.
[40] Although we need to carefully extrapolate the results
from this case study in a single watershed to predict hydrologic soil C losses from mountainous watersheds in the
region to changing monsoon rainfall patterns, our results
clearly show that the POC export has much higher variability
and vulnerability to extreme rainfall events than the DOC
export. The predicted increases in the frequency and intensity
of monsoon rainfalls over the coming decades might greatly
increase the export of POC in erosion-prone mountainous
watersheds in this region. This erosion-induced POC loss
during storm events, along with DOC leaching, can account
for a substantial portion of the annual soil C loss and therefore should be taken into account when predicting changes
in the ecosystem C balances to future changes in climate at
both the regional and the global scales.
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