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Abstract: Rainfall variability and extreme events can amplify the seasonality and storm 

pulses of stream water chemistry in mountainous watersheds under monsoon climates.  

To establish a monitoring program optimized for identifying potential risks to stream water 

quality arising from rainfall variability and extremes, we examined water chemistry data 

collected on different timescales. At a small forested watershed, bi-weekly sampling lasted 

over two years, in comparison to three other biweekly sampling sites. In addition,  

high-frequency continuous measurements of pH, electrical conductivity, and turbidity were 

conducted in tandem with automatic water sampling at 2 h intervals during eight rainfall 

events. Biweekly monitoring showed that during the summer monsoon period, electrical 

conductivity (EC), dissolved oxygen (DO), and dissolved ion concentrations generally 

decreased, but total suspended solids (TSS) slightly increased. A noticeable variation from 

the usual seasonal pattern was that DO levels substantially decreased during an extended 

drought. Bi-hourly storm event samplings exhibited large changes in the concentrations of 

TSS and particulate and dissolved organic carbon (POC; DOC) during intense rainfall 
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events. However, extreme fluctuations in sediment export during discharge peaks could be 

detected only by turbidity measurements at 5 min intervals. Concomitant measurements 

during rainfall events established empirical relationships between turbidity and TSS or 

POC. These results suggest that routine monitoring based on weekly to monthly sampling 

is valid only in addressing general seasonal patterns or long-lasting phenomena such as 

drought effects. We propose an “adaptive” monitoring scheme that combines routine 

monitoring for general seasonal patterns and high-frequency instrumental measurements of 

water quality components exhibiting rapid responses pulsing during intense rainfall events. 

Keywords: dissolved organic carbon; headwater streams; monsoon rainfall; mountainous 

watersheds; particulate organic carbon; stream water quality; suspended sediment; turbidity 

 

1. Introduction 

Headwater streams are a habitat for aquatic organisms, provide drinking water for downstream 

population centers, and contribute sources of organic matter, nutrients, and sediments to higher-order 

streams and rivers [1,2]. Mountainous watersheds are particularly important for providing water 

resources, as illustrated by the disproportionately high contribution of mountainous areas (32% of the 

world’s land area) to the total discharge in the world’s major river basins (63%) [3]. Land use changes 

on steep mountainous terrain, such as deforestation and agricultural expansion, have been associated 

with elevated flood risks [4,5] and water quality deterioration caused by suspended sediment eroded 

from disturbed soils [6,7]. More frequent intense monsoon rainfall events, which might occur as a 

consequence of climate change [8], can also have significant impacts on material transport and surface 

water quality in mountainous watersheds [9]. Instantaneous changes in discharge rates and stream 

chemistry in response to intense rainfalls cannot be adequately captured by conventional monitoring 

approaches and networks based on low frequency water sampling at weekly to monthly intervals.  

Novel monitoring approaches employing high frequency sampling and advanced sensor techniques 

have been proposed as tools to detect pulses of dissolved solutes, suspended sediments, or organic 

matter during important hydrologic events such as heavy rainfalls or snowmelts [10,11]. However, there 

have been few systematic assessments of sampling frequency and water quality components in the 

context of assessing climate-induced risks to water quality in mountainous headwater streams. 

The strong coupling of headwater streams to hillslope processes often results in large sediment 

flows from episodic slope failures during extreme hydrologic events [1,7]. Forest management 

practices have been shown to significantly affect soil erosion on steep forested slopes through changes 

in forest conditions such as tree density, species composition, and soil compaction [12]. Recent studies 

have shown the effects of extreme climatic events such as typhoons on the flow of sediments and 

nutrients in mountainous watersheds in East Asia [13–15]. Suspended sediment is a major water 

quality problem in headwater streams, as it degrades drinking water quality and impacts aquatic 

organism habitats [6,16]. It also plays an important role in transporting nutrients [17], particulate 

organic carbon (POC) [11,18,19], and toxic metals [20]. 
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Temporal variations in stream water chemistry reflect changes in both the forest ecosystem 

processes and the hydro-biogeochemical processes on the watershed level [21], offering a window 

through which we can monitor changes in environmental conditions that are important for regulating 

the production and release of materials within a forested watershed [22]. For example, long-term 

changes in stream water nitrogen and sulfur concentrations have been linked to the changing rates of 

acid deposition over recent decades [23,24]. It has also been suggested that changes in the amount and 

spatiotemporal distribution of precipitation, attributed to global climate change, has significant 

influences on the biogeochemical processes that regulate nutrient production and hydrologic export in 

forested watersheds [9,25,26]. Changes in rainfall amount and intensity can affect hydrologic 

flowpaths, along which nutrients released from soil sources are transported into streams [27]. 

Compared to the relatively well-established relationships between dissolved organic carbon (DOC) in 

forest streams and changing hydrologic conditions during storms [28,29], inconsistent patterns have 

been observed regarding nutrient releases in responses to storms (e.g., [30,31]). It has recently been 

reported that the concentrations and fluxes of DOC and POC in headwater streams respond differently 

to rainfall events of varying intensity and duration, with much stronger responses of POC occurring 

during extreme rainfall events [11,32]. 

Extreme rainfall events are often defined as events exceeding relative (i.e., the upper first percentile 

of long-term data) or absolute (e.g., 100 mm per day) thresholds of precipitation [33]. The frequency 

and intensity of extreme rainfall events has been increasing over a large part of the Northern 

Hemisphere [8,34], including the Korean Peninsula [35]. There have been many reports on storm-induced 

water quality deterioration in large watersheds where storm responses might be more moderate 

compared to more rapid responses at smaller watersheds (e.g., [10,36,37]). Humic-like substances 

associated with aromatic and condensed structures have been shown to increase in forested watersheds 

during intense rainfall events, elevating the potential of disinfection byproduct formation upon 

chlorination in drinking water facilities [38,39]. These studies provide rare examples of climate-induced 

risks to water quality in headwater streams draining forested watersheds, yet more high-resolution 

monitoring data should be collected across a range of climatic conditions and watershed types to 

enhance our capacity to predict stream water quality changes during extreme rainfall events of varying 

duration and intensity. 

The primary objective of this study was to compare different monitoring approaches based on 

different timescales and sampling methods in order to establish monitoring programs that can address 

large temporal variations of stream water quality associated with rainfall variability and extremes.  

Stream water chemistry was monitored on sub-hourly to bi-weekly timescales at small forested 

watersheds in the Haean Basin—a mountainous basin in northern South Korea. A specific goal was to 

identify major climate-induced risks to stream water quality in mountainous watersheds. Another 

important goal was to examine the potential of high-frequency, continuous measurements of turbidity 

to capture short-term changes in stream concentrations of suspended sediment and POC during rainfall 

events. For this purpose, high-frequency (5 min) instrumental measurements of pH, electrical 

conductivity (EC), and turbidity during several rainfall events of various duration and intensity were 

compared with bi-hourly measurements using an automatic water sampler. 
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2. Materials and Methods 

2.1. Study Site 

The study was conducted at four small forested watersheds in the Haean Basin (38°15′–38°20′ N; 

128°05′–128°10′ E; 400 m–1304 m asl), a bowl-shaped, mountainous basin 1–2 km south of the 

demilitarized zone (DMZ) between South and North Korea (Figure 1) [19,20]. The bedrock below the 

center of the basin consists of highly weathered biotite granite surrounded by metamorphic rocks along 

the mountain ridges. Mixed deciduous forests were re-established through natural processes on the 

mountain slopes in the study area since the late 1970s, after recurrent forest fires during the three 

decades following the Korean War in 1950–1953. Rapid conversion of low-elevation forests to agricultural 

fields has occurred in recent decades, and natural forests now remain only on steep slopes (>20°) and 

along the mountain ridges, comprising 58% of the entire 60 km2 area of the basin. The dominant tree 

species in the basin include Mongolian oak (Quercus mongolica), Daimyo oak (Quercus dentata), and 

Korean ash (Fraxinus rhynchophylla). Typical soils on the forested mountain slopes are dry to slightly 

moist, brown soils (acid Cambisols according to the FAO World Reference Base for Soil Resources), 

overlain by moder-like forest floors with a distinct Oi horizon and less distinct Oe/Oa horizons. 

 

Figure 1. Stream water sampling locations for routine bi-weekly monitoring at the four 

streams (A–D). The location of the V-notch weir and the weather station within watershed 

A is indicated by the letter of X. 
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2.2. Sampling and In Situ Measurements 

Routine bi-weekly water sampling was conducted at the four headwater streams from May 2008 to 

April 2010 (Figure 1). The four watersheds are all similar with regard to vegetation, soil, and 

topography, but their sizes vary (A: 38 ha; B: 56 ha; C: 190 ha; D: 171 ha). Grab water samples were 

collected at 10 cm below the stream surfaces near the centers of the streams using a 1 L Teflon bottle. 

The stream sampling procedure included measuring in situ water temperature, pH, EC, and dissolved 

oxygen (DO) using a portable pH meter (Orion 5 star, Thermo). In one forested watershed (A), 

throughfall (n = 4) and forest floor leachate (collected using custom-made zero-tension lysimeters; n = 4) 

were also sampled bi-weekly. Comparison of streamwater chemistry data with those for throughfall 

and forest floor leachate might provide some insights into the relative importance of atmospheric 

inputs and soil pools as potential sources of exported materials from the watershed. 

Intensive storm event sampling at 2 h intervals was conducted eight times throughout two summer 

monsoon periods at the same stream location of watershed A previously described. During the eight 

rainfall events, stream samples were collected every 2 h using an autosampler (6712 Portable Sampler, 

ISCO Inc., Lincoln, NE, USA). In tandem with the automatic water sampling during rainfall events,  

in-stream, high-frequency measurements of pH, EC, and turbidity at 5 min intervals were conducted 

using a multi-parameter probe (6920 Water Quality Monitoring System, YSI, Inc., Yellow Springs, 

OH, USA). The water quality probe was routinely checked with standard solutions and calibrated 

when necessary. 

Continuous micrometeorological measurements were conducted at watershed A using a data logger 

(CR10X, Campbell Scientific, Logan, UT, USA) that was connected to various sensors, including 

precipitation, air and soil temperature, and volumetric soil water content at 10 and 30 cm depths  

(Figure 1). Discharge measurements were initiated at watershed A in July 2009, with the construction 

of a V-notch weir (Figure 1). A vented pressure transducer (Druck PDCR 830, Druck Ltd., Leicester, 

UK) was installed in a fully screened polyvinyl chloride (PVC) tube in a shallow pool upstream of the  

V-notch weir. Water level measurements were collected every 5 min. Discharge from the forested 

watershed during the period prior to the weir construction was estimated using a hydrologic model 

(HBV-Lite) [40]. The model was calibrated for the period from 16 July through 20 September 2009 on 

the basis of the observed soil moisture and stream discharge data. We then validated the model with 

the same parameters for two additional periods (30 June–30 August 2010; 5 August–5 October 2010).  

The validation period R2 and efficiency values were 0.89 and 0.88 for the first period and 0.92 and  

0.91 for the second period, respectively. 

2.3. Chemical and Statistical Analyses 

All water samples were transported in an ice box to the laboratory and then kept refrigerated at  

<4 °C. Within 24 h after sampling, a portion of the water sample (50–200 mL) was filtered through a 

pre-combusted glass fiber filter (GF/F, Whatman; nominal pore size of 0.7 μm, Whatman, Clifton, NJ, 

USA) after pre-filtering through a plastic sieve with 2 mm pores. The concentrations of total 

suspended solids (TSS) were measured gravimetrically as the difference in filter weight before and 

after filtering. Prior to filtering, the GF/F filters were combusted at 450 °C to remove any organic 
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materials in the filters and then weighed. After filtering of the water samples, the filters were dried at 

65 °C to a constant weight and re-weighed for the calculation of the TSS concentrations. For eight 

monsoon rainfall event samples, the dried filters were fumed with HCl in a sealed desiccator for 24 h 

to remove inorganic C prior to the analysis of POC. The concentrations of POC in the acidified filters 

were measured with an elemental analyzer (Vario MAX CN, Elementar, Germany). 

Filtered water samples were analyzed for dissolved ions (Cl−, SO4
2−, NO3

−, and NH4
+) using an ion 

chromatograph (DX-320, Dionex, Sunnyvale, CA, USA). For the eight monsoon rainfall event 

samples, DOC in the filtered water samples was measured with a TOC analyzer using high-temperature 

combustion of organic matter followed by thermal detection of CO2 (TOC 5000a, Shimadzu, Japan). 

As part of the quality control, a laboratory blank (Mili-Q ultrapure water) and a standard solution of a 

concentration that was typical of the concentration range of samples were analyzed for every batch of 

ten samples. Relative standard deviations (standard deviations divided by mean in percentage) from 

the repeated measurements of check standards were generally within 5%. Replicate analysis was 

conducted for approximately 10% of the total number of samples. Contamination from sampling and 

filtering was checked with field blank samples (Mili-Q ultrapure water). 

Pearson correlation coefficients were used to characterize the correlations between bi-weekly water 

quality data and hydroclimatic variables. To reflect large changes in solute concentrations in response 

to rapidly changing discharge during rainfall events, event mean solute concentrations were obtained 

by weighting discharge to each corresponding solute concentration. Linear regression analyses were 

conducted to establish the relationships between the discharge-weighted event mean solute 

concentration (TSS, POC, and DOC) and the total rainfall amount or the mean rainfall intensity of each 

rainfall event. Most of POC and DOC data presented in this study (all events except events 5 and 6) have 

previously been used in two publications on differential storm responses of DOC and POC [11,19]. We 

included the published data in this study to provide a more complete view of watershed 

biogeochemical responses to storm events, incorporating both the traditional water quality and novel 

carbon cycle perspectives. 

3. Results 

3.1. Routine Bi-Weekly Monitoring in Four Streams 

Volume-weighted mean concentrations of measured water quality components in the four forest 

streams were generally different from those for throughfall and forest floor leachate (Table 1).  

The stream water pH was usually circumneutral with the two-year mean of 6.7, indicating high  

acid-neutralizing capacity of the soil given the much lower pH values found in throughfall (5.6) and 

forest floor leachate (5.8). While the mean concentrations of all the measured parameters fell within 

the usual range found in streams draining temperate forested watersheds [6,12,13,17,22,29], it is 

notable that the mean concentrations NO3
−–N in stream water were higher than those for throughfall, 

indicating leaching losses from the forest soils. 
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Table 1. Means and standard errors (n = 4) of volume-weighted mean pH and electrical 

conductivity (EC) and concentrations of Cl−, SO4
2−, NO3

−–N, NH4
+–N, and total suspended 

solids (TSS) in throughfall (TF), forest floor leachates (FF), and stream water (SW) for the 

monitoring period from May 2008 to April 2010. Dissolved oxygen (DO). SE indicates 

standard error. 

 
pH 

EC 
(μS·cm−1) 

DO Cl− SO4
2− NO3

−-N NH4
+-N TSS 

(mg·L−1) 

TF mean 5.6 22.4 5.1 1.36 2.76 0.51 0.44 14.0 
(n = 4) SE 0.1 1.9 0.3 0.14 0.13 0.04 0.03 2.5 

FF mean 5.8 89.7 5.4 3.99 5.17 3.23 0.86 7.2 
(n = 4) SE 0.1 7.3 0.2 0.37 0.48 0.46 0.17 0.2 

SW mean 6.7 35.2 8.7 1.63  2.65 0.70 0.02 7.3 
(n = 4) SE 0.1 2.6 0.2 0.13 0.19 0.05 0.00 0.6 

Over the 2 year monitoring period, water quality components showed similar seasonal patterns at all 

four streams, including lower EC, DO, and dissolved anion concentrations and higher TSS 

concentrations during the summer monsoon period (Figure 2). The seasonal patterns observed for the 

measured anions were not clear for NH4
+ concentrations. On some occasions during the monsoon 

period, pH was lower than the usual circumneutral level, but the decrease did not continue throughout 

the season. The discharge-weighted mean concentrations of TSS in stream water were relatively low 

(7.3 mg·L−1; Table 1), constrained largely by very low concentrations during dry periods (Figure 2). 

At least one of the analyzed hydroclimatic variables, including antecedent precipitation, soil 

moisture, and discharge, had significant negative correlations with pH (at all the sites except B), EC (at 

all the sites except A), and the concentrations of dissolved anions, but positive correlations with the 

concentrations of NH4
+ at site B and TSS at all the sites (Table 2). The DO levels showed significant 

negative correlations with temperature at all streams except stream A and with soil moisture (SWC) at 

sites C and D. 
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Figure 2. Temporal variations in hourly precipitation (mm), discharge (m3·s−1), pH, EC 

(μS·cm−1), and concentrations (mg·L−1) of DO, Cl−, SO4
2−, NO3

−–N, NH4
+–N, and TSS in 

four forest streams from May 2008 to April 2010. Error bars indicate standard deviations. 

Data collected during the monsoon period from June through August are indicated by the 

two rectangular boxes. 
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Table 2. Correlations between bi-weekly water chemistry data (pH, DO, EC, and concentrations of Cl−, SO4
2−, NO3

−–N, NH4
+–N, and TSS) in 

four streams and climatic variables including air temperature (Temp), 3-day antecedent precipitation (3-day ppt), and 14-day antecedent 

precipitation (14-ppt), soil water content (SWC) at 30 cm, and discharge. Asterisks indicate statistical significance. 

Site 
Climatic Correlation (r) with 

Variable pH DO EC Cl− SO4
2− NO3

−-N NH4
+-N TSS 

A 

Temp −0.26 −0.14 −0.35 * −0.31 −0.22 0.02 0.01 0.36 * 
3-day ppt −0.12 −0.23 −0.21 −0.43 ** −0.25 −0.20 0.10 0.75 ** 

14-ppt −0.16 −0.14 −0.20 −0.38 * −0.34 * −0.01 0.21 0.71 ** 
SWC −0.37 * −0.24 −0.11 −0.36 * −0.40 * 0.39 * 0.24 0.32 * 

Discharge −0.196 −0.23 −0.20 −0.42 ** −0.16 −0.27 −0.02 0.52 ** 

B 

Temp −0.29 −0.51 ** −0.77 ** −0.71 ** −0.50 ** −0.61 ** 0.23 0.29 
3-day ppt −0.06 −0.24 −0.62 ** −0.60 ** −0.58 ** −0.49 ** 0.08 0.78 ** 

14-ppt −0.25 −0.27 −0.67 ** −0.64 ** −0.62 ** −0.46 ** 0.36 * 0.57 ** 
SWC −0.31 −0.34 −0.30 −0.36 * −0.54 ** −0.07 0.59 ** 0.20 

Discharge −0.15 −0.18 −0.53 ** −0.50 ** −0.45 ** −0.46 ** −0.05 0.64 ** 

C 

Temp −0.13 −0.35 * −0.69 ** −0.48 ** −0.25 −0.50 ** 0.28 0.47 ** 
3-day ppt −0.24 −0.23 −0.75 ** −0.59 ** −0.58 ** −0.57 ** 0.04 0.79 ** 

14-ppt −0.07 −0.22 −0.79 ** −0.64 ** −0.58 ** −0.56 ** 0.18 0.64 ** 
SWC −0.28 −0.40 * −0.66 ** −0.75 ** −0.67 ** −0.50 ** 0.13 0.46 ** 

Discharge −0.50 ** −0.24 −0.61 ** −0.48 ** −0.45 ** −0.54 ** −0.01 0.67 ** 

D 

Temp −0.13 −0.37 * −0.47 ** −0.12 −0.18 0.02 −0.05 0.37 * 
3-day ppt −0.35 * −0.25 −0.64 ** −0.30 −0.49 ** −0.23 −0.18 0.88 ** 

14-ppt −0.20 −0.24 −0.62 ** −0.36 * −0.56 ** −0.24 −0.15 0.69 ** 
SWC −0.27 −0.35 * −0.33 −0.28 −0.41 * 0.01 0.15 0.46 ** 

Discharge −0.54 ** −0.23 −0.57 ** −0.23 −0.33 −0.20 −0.10 0.75 ** 

Notes: *: p < 0.05; **: p < 0.01; ***: p < 0.001. 
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3.2. Intensive Storm Event Sampling and Continuous Instrumental Measurements 

Intensive storm event sampling was carried out at 2 h intervals during eight rainfall events of 

various duration and intensity (Table 3). The bi-hourly measurements of anion and TSS concentrations 

showed large changes only during the intense events exceeding a threshold precipitation (total rainfall 

>100 mm and mean hourly rainfall >5 mm·h−1 during Events 3, 4, 6, and 8; Figures 3 and 4).  

Dissolved anion concentrations tended to decrease upon initiation of the rainfall event during some 

rainfall events and often exhibited inconsistent patterns depending on ion species. By comparison, TSS 

concentrations always increased rapidly in response to rising discharge during the peak flow periods of 

intense rainfall events. POC concentrations were lower than DOC concentrations during baseflow and 

low-intensity rainfall events, but rapidly increased and exceeded DOC concentrations during the short 

peak periods of intense rainfall (Event 3, 4 in Figure 3; Event 6, 8 in Figure 4). 

Table 3. Summary of hydroclimatic conditions that characterize the eight described 

rainfall events. Ppt indicates precipitation. 

Event Start Time 
Duration 

(h) 

Total ppt 

(mm) 

Maximum 

Hourly ppt 

(mm) 

Mean Rainfall 

Intensity 

(mm·h−1) 

Antecedent ppt (mm) 

3-day 5-day 7-day 14-day 

1 03:00 18 June 2008 19 72 12.5 3.8 0 0 0 30 

2 13:00 16 July 2008 6 17 11.0 2.8 0 40 40 106 

3 02:00 24 July 2008 33 292 33.5 8.9 3 76 86 143 

4 04:00 26 July 2008 26 137 26.5 5.3 292 294 378 435 

5 06:00 20 June 2009 11 15 2.5 1.4 3 29 55 105 

6 05:00 09 July 2009 14 167 23.5 11.9 1 8 14 15 

7 00:00 18 July 2009 30 69 7.5 2.3 61 178 285 459 

8 14:00 11 August 2009 24 210 19.5 8.7 0 6 6 7 

Discharge-weighted event mean concentrations of TSS had a strong positive relationship with the 

mean rainfall intensity levels (R2 = 0.92, p = 0.0002), but only a weak positive relationship with the 

total rainfall amounts (R2 = 0.46, p = 0.049; Figure 5). While the discharge-weighted event mean 

concentrations of DOC did not have any significant relationship with both rainfall indices, POC 

concentrations exhibited a strong positive relationship with the mean rainfall intensity (R2 = 0.89,  

p = 0.0004). 

Continuous in situ measurements of pH, EC, and turbidity at 5 min intervals exhibited very rapid 

changes in stream water quality during intense rainfall events (Figures 3 and 4). EC and pH changed 

little during small rainfall events when the total precipitation was less than 100 mm, but showed large 

decreases during the peak flow periods of larger rainfall events. In contrast, turbidity rapidly increased 

in response to increasing rainfall intensity (Figures 3 and 4). During three intensive rainfall events 

(Events 3, 6, and 8), turbidity levels showed much larger fluctuations than those for TSS 

measurements and exceeded the upper detection limit (1000 NTU) during several short peak flow 

periods. When all data collected during the eight rainfall events were combined, turbidity 

measurements exhibited significant positive relationships with the concentrations of TSS (R2 = 0.92,  

p < 0.0001) and POC (R2 = 0.77, p < 0.0001) (Figure 6). 
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Figure 3. Temporal variations in hourly precipitation (mm), discharge (m3·s−1), pH, EC 

(μS·cm−1), concentrations (mg·L−1) of dissolved ions, DOC, and POC, turbidity (NTU), 

and TSS concentration (mg·L−1) during four rainfall events in 2008. DOC and POC data of 

the four storm events have been published in a previous report [19]. 
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Figure 4. Temporal variations in hourly precipitation (mm), discharge (m3·s−1), pH, EC 

(μS·cm−1), concentrations (mg·L−1) of dissolved ions, DOC, and POC, turbidity (NTU) and 

TSS concentration (mg·L−1) during four rainfall events in 2009. DOC and POC data of 

Event 8 have been published in a previous report [11]. 
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Figure 5. Relationships between event total precipitation (mm) or mean rainfall intensity 

(mm·h−1) and event discharge-weighted mean concentration (mg·L−1) of TSS, POC, and 

DOC. Significant relationships at p < 0.05 were indicated by drawing a regression line 

through the plot. 

 

Figure 6. Relationships between turbidity (NTU) and the concentrations (mg·L−1) of TSS  

(n = 75) or POC (n = 74) measured during eight rainfall events. 
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4. Discussion 

The comparisons of stream water chemistry data collected on different timescales suggest that 

conventional routine monitoring at weekly to monthly intervals can adequately describe seasonality 

and long-lasting or slowly changing patterns of the stream water chemistry, but its low-resolution data 

are limited in providing accurate estimates of chemical fluxes pulsing during storm events. While  

bi-weekly monitoring data showed only marginal temporal variations for many parameters, intensive 

storm event sampling at 2 h intervals and continuous in situ measurements at 5 min intervals allowed 

us to capture rapid storm-induced changes in stream water chemistry at finer temporal resolutions. 

High-frequency monitoring data are essential in understanding short-term dynamics in both the 

hydroclimatic conditions and the watershed hydro-biogeochemical responses to rainfall events [10,22,41]. 

For example, Nagorski et al. [41] detected short-duration metal toxicity increases in mining-impacted 

streams in western Montana during high-flow periods of the spring runoff events by increasing the 

sampling frequency. 

The results from both the routine (Figure 2) and storm event samplings (Figures 3 and 4) indicated 

potential water quality deterioration during extreme climatic events including intense monsoon 

rainfalls and extended droughts from the winter to spring. While DO was generally low during the 

summer, owing to decreased oxygen solubility with increasing temperature as indicated by the 

significantly negative correlations between temperature and DO (Table 2), an unusually low level of 

DO (4.6 mg·L−1on 28 March 2009) occurred during the extended spring drought in 2009 (Figure 2), 

degrading the stream water quality to a highly contaminated level (“Grade 4”) according to Korean 

river water quality standards [42]. This very low level of DO could not be explained solely by the 

temperature-DO relationship, because the observed DO level on the sampling day with a relatively low 

water temperature (4.6 °C) accounted for 39.7% of the saturation level determined by the temperature. 

EC and dissolved ion concentrations tended to be higher during droughts than during wetter periods, 

but usually within the range of uncontaminated streams (Figure 2). However, eutrophication could 

significantly degrade drinking water quality in downstream rivers and reservoirs, if increased 

concentrations of dissolved nutrients should persist over a prolonged period coupled with unusually 

high temperatures. This condition occurred in December 2011 in Lake Paldang, which receives water 

from both the North and South Han Rivers and provides drinking water resources to the metropolitan 

population of Seoul. 

Compared to large storm-induced changes in TSS and POC concentrations, the concentrations of 

dissolved ions showed relatively small changes during rainfall events, often exhibiting ion-specific 

fluctuations with changing rainfall intensity and discharge (Figures 3 and 4). As with the lowered EC 

and dissolved ion concentrations during the summer monsoon period (Figure 2), rainfall-induced initial 

decreases in EC and dissolved ion concentrations can be explained by rainfall-induced dilution [43]. 

This rainfall-induced dilution might also explain the significantly negative correlations between 

hydroclimatic variables and dissolved anion concentrations measured biweekly at the four streams 

(Table 2). Although correlations should not be equated to any causal relationship, the consistent 

patterns of lower EC and anion concentrations under wetter conditions point to storm-induced dilution 

overriding flushing of major anions from soil pools of limited size. Compared to consistent decreases 

in EC with increasing hourly rainfalls, concentrations of different dissolved ion species exhibited 
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different response timing and durations during intense rainfall events (Figures 3 and 4). As previous 

studies have suggested, rainfall-induced dilution of dissolved ions can be complicated by the flushing 

of soil-derived chemicals [43] and temporal variations in biogeochemical exports from different 

sources depending on the rising or falling limbs of the hydrograph [44,45]. 

Drastic increases in both the TSS concentration and turbidity during monsoon rainfall events  

(Figures 3 and 4) represent the most outstanding, climate-related water quality issue among all of the 

monitored water chemistry components. Considering that high levels of suspended sediment cause a 

suite of water quality deterioration effects, including siltation and sorption of hazardous materials [16], 

transient but recurrent surges of suspended sediment export during intense rainfall events should be 

taken into account in preparing climate change adaptation strategies for drinking water facilities that 

use stream water from mountainous watersheds. In another study conducted at the same watershed, Jo 

and Park [20] found that during extreme rainfall events, suspended sediment in the forest stream  

(site A) contained substantial amounts of lead (Pb) that otherwise would have been retained in the 

forest soil for a long period. At an outlet of a highly turbid agricultural stream downstream of the forest 

stream, the peak concentrations of both suspended sediment and Pb during storm events exceeded 

those observed for the forest stream by an order of magnitude [20]. This agricultural stream loaded 

with suspended sediments contributed to several occasions of serious downstream siltation in a local 

river during a series of exceptionally intense storm events in 2006, resulting in the construction of a 

new drinking water facility taking source water from an upstream reach rather than more vulnerable 

downstream reach. 

Although bi-weekly monitoring at the four streams showed slightly higher TSS concentrations 

during the summer monsoon period than during the other period, as shown by the positive 

relationships between hydroclimatic variables and TSS (Table 2), only intensive stream sampling and 

high-frequency turbidity measurements could capture the extraordinary increases in suspended 

sediment during the intense rainfall events (Events 3, 6, and 8; Figures 3 and 4). Some mismatches 

between storm magnitude and peak concentrations of TSS and turbidity (e.g., Event 3 in 2008 vs. 

Event 8 in 2009) might reflect differences in the response of discharge and solute export to the varying 

intensity of the monitored rainfall event and the amount of antecedent rainfalls. For example, more 

intense rainfall occurring during a very short period following a relatively dry condition might have 

resulted in more intense responses of both discharge and sediment export during Event 8 compared to 

Event 3. The positive relationships between the event mean rainfall intensity and discharge-weighted 

mean concentrations of TSS and POC (Figure 5) suggest that suspended sediments from various soil 

sources within the watershed can be exported rapidly when a threshold level of rainfall intensity is 

passed. In addition, these sediments transport large amounts of soil organic carbon to the streams. 

Large differences in the POC concentrations between low- and high-flow conditions relative to the 

small range of DOC concentrations correlated with discharge (Figures 3 and 4) were also observed in 

another study that employed high-frequency, in-stream DOC and POC measurements [11]. Steeper 

increases in POC export compared to the gradual increase in DOC leaching were attributed to the 

relatively high threshold energy required to initiate erosion of soil and organic matter particles from 

potential sediment sources [11]. Storm pulses of POC can represent a transient but dominant pathway 

of hydrologic export of soil organic carbon, which can increase disproportionately during short peak 

flow periods in response to more frequent occurrences of extreme rainfall events [19]. 
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During the intense rainfall events when rainfall intensity exceeded a threshold level, the event mean 

concentrations of TSS exceeded 100 mg·L−1, a high contamination level according to the local water 

quality standard [42]. In accordance with the increasing occurrence of extreme rainfall events observed 

over a large part of the Northern Hemisphere as a consequence of global climate change [8,34], the 

occurrence of extreme rainfall events has increased, along with summer precipitation, across South 

Korea [35]. Using daily precipitation data averaged across 61 weather stations, Choi et al. [35] showed 

that the cumulative amount of precipitation on extremely wet days (those above the 99th percentile) 

had increased 36.1 mm per decade over the period from 1973 to 2007, with many of the significant  

very-wet-day precipitation events observed around the mountain regions. If monsoon rainfalls in  

East Asia continue to intensify in the coming decades, as predicted for tropical precipitation regimes 

by model simulations combined with satellite observations [34], we can expect more frequent 

occurrences of intense rainfall events. Intense rainfalls which exceed the threshold rainfall intensity 

level for initiating the export of erodible soils and associated organic carbon can result in siltation and 

large organic carbon inputs in receiving waters, until repeated storm-induced flushing processes reduce 

or deplete soil pools exceeding the capacity of soils to replenish organic matter [11,32]. 

In a review on forested watersheds in North America, Binkley and Brown [6] found that most forest 

streams have relatively low annual mean concentrations of suspended sediment (<5 mg·L−1, with 

stormflow peaks reaching up to 100 mg·L−1), although there were some rare studies reporting 

unusually high outliers exceeding 1000 mg·L−1even in undisturbed forests. Much wider variations of 

suspended sediment concentrations ranging from less than 1 mg·L−1 to 5000 mg·L−1 have been 

observed in large river systems globally [46]. Large increases in suspended sediment concentrations 

have also been observed following disturbances caused by forest management activities such as 

harvesting and road construction [6,47]. The exceptionally high TSS concentrations observed during 

the peak flow periods of some of the intensive rainfall events we monitored suggest that soil erosion in 

steep mountainous watersheds can be vulnerable to extreme rainfall events, even without any 

disturbances over recent years. Similar high rates of sediment export during intense storm events have 

been observed in steep mountainous watersheds in Japan [12,48,49]. In a Korean natural forest 

dominated by 80–200-year old trees of similar species to the study site, Kim et al. [50] also observed 

high export rates of suspended sediment (measured as POC) during intense storm events. 

Potential sources of suspended sediment in mountainous forested watersheds include the forest 

floors, trails, streambanks, and streambeds [7,48]. Other studies that have traced sediment sources in 

the Haean watershed using Pb stable isotopes [20] or C and N stable isotopes [19] suggested 

streambanks and bare surfaces as major sources of sediments. In a study that traced sediment sources 

using 137Cs and 210Pb in a Japanese cypress plantation, Mizugaki et al. [48] found that suspended 

sediment was derived from a mixture of sources including interrills on the forest floor, truck trails, and 

streambanks. Relatively high contributions of suspended sediment from the forest floor during heavy 

rainfalls were attributed to overland flow and interrill erosion due to low organic matter accumulation 

and understory vegetation coverage on the forest floor under the dense cover of cypress canopies [48]. 

High-frequency turbidity measurements on the timescale of minutes had several advantages over 

the lower temporal resolution of intense hourly storm event sampling, which often did not indicate 

rapid changes in suspended sediment transport during intense rainfall events (Figures 3 and 4). Care 

should be taken when turbidity is used as a surrogate of suspended sediment, because turbidity 
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represents the light scattering properties of all the suspended matter unlike TSS that represents the 

mass of suspended sediment per unit volume [16]. However, there are some advantages of  

high-resolution time series data of turbidity including the application potential of real-time turbidity 

measurements as early warning signals of suspended sediment and organic carbon surges in drinking 

water facilities and their source areas. If we can establish empirical relationships between turbidity 

levels and the concentrations of TSS or POC, as shown in Figure 6, the relatively cost-effective and 

robust turbidity measurement system can be employed as a surrogate to estimate the concentrations 

and fluxes of suspended sediment or organic carbon in streams and rivers. While turbidity time series 

data have been widely used to estimate suspended sediment loads in polluted waters (e.g., [51]), this 

study provided a rare empirical relationship between turbidity and the concentrations of POC. 

Sediment surges in drinking water source areas during extreme rainfall events can have devastating 

impacts on drinking water facilities and aquatic ecosystems. This occurred in 2006 in the Lake Soyang 

Watershed where our study site is located. Early warning signals from real-time turbidity 

measurements in headwater streams can facilitate proactive protection of waterways and water 

treatment facilities. For example, early warning signals can allow water treatment operators to add 

treatment modules or shut down the intake valves until “slugs” of suspended sediment pass by. These 

signals can also help predict potential increases in disinfection byproducts during rainfall events based 

on the well-established relationship between the amount of organic substances (particularly humic 

substances) and disinfection byproduct formation potentials [38,39,52]. 

5. Conclusions 

While bi-weekly monitoring data captured long-lasting, substantial decreases in DO and large 

increases in dissolved nutrients during extended droughts from winter to spring, very rapid, drastic 

increases in TSS concentrations and turbidity during intense monsoon rainfall events might represent a 

key climate-related water quality issue in the studied mountainous watersheds. Given the potential of 

suspended sediment to transport heavy metals and other toxic contaminants, rainfall-induced pulses of 

suspended sediment can pose further risks to downstream water quality, particularly in mountainous 

areas under poor forest growth conditions or dotted with abandoned mines. 

Comparing stream water chemistry data collected at different timescales allowed us to evaluate the 

importance of sampling frequency in assessing climate-induced risks to stream water quality arising 

from either intense monsoon rainfalls or large seasonal variations in rainfall. Based on the comparison 

of intensive rainfall event sampling at 2 h intervals, in situ instrumental measurements at 5 min 

intervals, and bi-weekly monitoring data, we suggest that routine monitoring based on weekly to 

monthly sampling should be supplemented with high-frequency sampling or continuous instrumental 

measurements to provide more accurate estimates of material transport, particularly those related to 

suspended sediment, during periods when hydrologic conditions vary very rapidly due to frequent 

occurrence of storm events. In particular, high-frequency, in situ measurements of turbidity can 

provide high-resolution time series data that can be used to estimate the transport of suspended 

sediment and POC based on the empirical relationships established for several rainfall events of 

various duration and intensity. These data can also be used as early warning signals for suspended 

sediment and POC surges during intense rainfall events and to identify potential increases in 
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disinfection byproduct formation by natural organic matter in drinking water source areas based on 

some empirical relationships between suspended sediment (or POC) and disinfection byproduct 

formation potentials that were established in a previous study conducted at the same watershed [39]. 

The positive relationships between the concentrations of suspended sediment and metals (Pb) reported 

from the same study site [20] might be used to predict the potential range of metal fluxes carried by 

suspended sediment. 

In summary, we propose that high-frequency instrumental monitoring, such as continuous turbidity 

measurements, should be complemented to the conventional routine monitoring to capture rapid water 

quality changes in headwater streams draining mountainous watersheds during rainfall events.  

Within this proposed multiple time-scale monitoring scheme, low-frequency routine monitoring data 

can be used to establish long-term or seasonal patterns for chemical constituents showing strong 

seasonal trends, including DO and dissolved ion concentrations. 
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