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Abstract: Increasing rainfall variability and extremes as a consequence of global climate change
have been emerging as a major challenge for sound management of freshwater resources in
steep mountainous watersheds in East Asia. To evaluate potential risks to stream water quality
posed by rainfall variability and extremes, we investigated seasonal and storm-induced short-
term changes of stream water quality in a mountainous mixed land-use watershed (the Haean
Basin) in northern South Korea. We routinely monitored 10 stream locations every 2 — 4 weeks,
combined with in-stream storm sampling at a headwater forest stream and a watershed outlet
receiving agricultural runoff. Routine sampling results showed distinct spatial patterns for stream
water quality, including increasing concentrations of TSS and dissolved nutrients toward
downstream reaches of agricultural streams. TSS concentrations and UVAs, (as a measure of
aromatic dissolved organic matter) intensities were generally higher during the summer
monsoon period in all stream locations, while relatively high nutrient concentrations were
observed in agricultural steams, particularly during extended drought periods. TSS
concentrations in both the forest stream and watershed outlet rapidly increased upon initiation of
storm events and reached unusually high levels during peak flow periods, suggesting that low-
frequency routine stream sampling can not adequately capture rapid responses of suspended
sediment export to storms. The results highlight the importance of extreme rainfall events for soil
erosion and its impacts on stream water quality in steep mountainous watersheds. High dry-
period nutrient concentrations in agricultural steams suggest that rapid expansion of agricultural
lands in the Haean Basin over the recent decades can result in elevated risks of stream
eutrophication during extended drought periods as well as the increased vulnerability of soil
erosion on steep cultivated slopes.
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1. Introduction

Although mountains occupy one fifth of the worldréstrial surface, half of the human population efefs in

various ways on mountain resources (Kdrner e805). Mountain areas supply much more discharge tiould

be expected from the land area they cover, withpltaportion of discharge from a river basin conitéd by
mountains up to over 90% (Viviroli et al., 2003)tilough mountainous watersheds play a crucial iroleroviding

clean drinking water for people living both wittemd downstream of the mountain range, watershedgesment is
particularly challenging in the mountain area okEAsia, due to intense rainfalls characteristictef monsoon
climate and recurring deterioration of downstreaatex quality associated with soil erosion and lédds in steep
mountain slopes (Sidle et al., 2006; Park et @102. Land use change on steep mountainous temsagh as
deforestation and agricultural expansion, has tiekad to elevated flood risks and deterioratingast water quality
(Bradshaw et al., 2007; Eisenbies et al., 2007).
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Intensifying monsoon rainfalls, as a potential @nsnce of climate change, can have significantatgon the
material transport and surface water quality in mainous watersheds in East Asia (Park et al., ROR6cent
studies have shown the importance of extreme hgdiolevents such as Typhoons in the flow of suspénd
sediments and nutrients in mountainous watershe@&ast Asia (Zhang et al., 2007; Goldsmith et2008; Tsai et
al., 2009). Suspended sediment is a major watelitgjymoblem in headwater streams, degrading drigkivater
guality and habit quality for aquatic organismsn{Bey and Brown, 1993; Bilota and Brazier, 2008)l &ransporting
nutrients (Ide et al., 2008) and toxic metals (da #@ark, 2010). Changes in the amount and spataeh
distribution of precipitation can also influencaseam water quality by affecting biogeochemical ggsses that
regulate nutrient production and hydrologic exg®tirdoch et al., 2000; Campbell et al., 2009; Petrlal., 2010).
Little is know about seasonality and short-term nges in water quality during monsoon rainfall egein
mountainous watersheds in northern South Korea.

The primary objective of this study was to bettaderstand effects of rainfall variability and exties on stream
water quality in mountainous watersheds in eastansoon Asia. We investigated seasonality and stesponses
of suspended sediment and dissolved nutrients bgumiing routine biweekly stream sampling combimégth
intensive storm sampling at various sampling lacetiin the Haean Basin in northern South Korea.

2. Methods
2.1. Sudy Site

The study site (Haean Basin) is a bowl-shaped nadumiis watershed at the northern extreme of Sowtted
(38°15"—38°20" N; 128°05°-128°10" E; 400 m—1,3044f), 1-2 km south of the demilitarized zone (DN&jween
South and North Korea (Figure 1; for more detaferto Jo and Park, 2010). The bedrock in HaeainBaonsists
of highly weathered biotite granite at the basittdra, surrounded by metamorphic rocks forming maimtidges
(Kwon et al., 1990). Mixed deciduous forests altimg mountain ridges and steep slopes comprise 38Be avhole
basin area (60 kfh These forests have been reestablished natwafily recurrent forest fires in the two decades
following the Korean War in 1950-1953. Dominantetrgpecies includ®uercus mongolicdisch. ex Ledeb. and
Fraxinus rhynchophyllddance. Rapid agricultural expansion in the steemin combined with highly erodible soils
developed from saprolites across the basin bottam thansformed the basin into a major source opeswded
sediments in the North Han River, which suppligakdng water to tens of millions of people living metropolitan
areas.

2.2. Sampling and Laboratory Analysis

For the first 1-year monitoring period from May 3@ April 2009, routine biweekly stream samplingsw
conducted in 10 sampling locations, including sigdtions along two tributaries to the Mandae Stréam flows
through the Basin to the Inbuk River, two locati@eng the main-stem of the Mandae Stream, andideations
along the Inbuk River up- and downstream of thefloence with the Mandae Stream (Figure 1). Fordéeond
monitoring year, routine sampling was conducte@-dtweek intervals in six locations (MD1, MD4, MDBID7,
IB1 and IB2). Six intensive storm event samplingsevconducted in a headwater forest stream (MDd)iaran
outlet location of the Mandae Stream (MD4) durimg tsummer monsoon periods in 2008 and 2009. Fdineu
water sampling, grab water samples were collecetdwbthe stream surface at the center of the fldth a 1-L
Teflon bottle. During stream sampling, in situ wag@ality parameters including water temperatuie, @ectrical
conductivity, and dissolved oxygen were measured.skorm event sampling, water samples were takerye h
using two autosamplers (6712 Portable Sampler, )[SCO

Micrometeorological data were collected at the $ted watershed, including precipitation, air terapae, and soil
temperature and volumetric water content at 30 @ptld No discharge measurements were made witlgn th
watershed during the study period. Discharge frbm forested watershed during the study period sémated
using a hydrologic model (HBV-Lite).
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Figure 1. Sampling locations along two tributar@D1, MD2, MD3, MD5, MD6, and MD7) and the mainratef Mandae
Stream (MD4 and MD8) and Inbuk River above (IB1J baelow (IB2) the confluence marked on a GoogldtEarap

Stream samples were kept refrigerated afG a@nd filtered within 24 hr after the sampling. #rfion of the water
sample (50-200 ml) was filtered through a pre-costduliglass fiber filter (GF/F, Whatman; nominalesize of 0.7
m) after pre-filtering through a plastic sieve withmm pores. TSS concentrations were measuredngetrically as
the difference in filter weight before and aftdtefiing. Prior to filtering GF/F filters were cométied at 45°C to
remove any organic materials in the filters anahtiveighed. After filtering of water samples, thiéefis were dried at
65°C and re-weighed for the calculation of TSStelFdd water samples were analyzed for UV absorban264 nm
(UVA,5) by a UV/vis spectrophotometer (Libra S32PC, Bioch), DOC with a TOC analyzer using high-
temperature combustion of organic matter followsdtirermal detection of CO(TOC 5000a, Shimadzu), and
dissolved ions including GISQ?, NOy, and NH" using an ion chromatograph (DX-320, Dionex). Ast px
quality control, a laboratory blank (Mili-Q ultrapriwater) and a standard solution were measureglviny batch of
ten samples. Replicate analysis was conducted dproaimately 10% of the total samples. Contamimatiilom
sampling and filtering was checked with field bladmples (Mili-Q ultrapure water).

3. Results and Discussion

3.1. Spatiotemporal Variationsin Stream Water Quality

Distinct spatial patterns were present for most suesd water quality components (Table 1). Annualame
concentrations of suspended sediment and dissolu&ients generally increased from headwater fosggams
toward downstream reaches of two Mandae Streamatarnies, reflecting influence of turbid, high-netmt runoff
from agricultural fields. While EC and dissolvedhiconcentrations were highest in the watershecb(MD4) and
became lower downstream in MD8, TSS concentratiegr® highest in MD7 near the mouth of the tributstneam
draining an adjacent subcatchment. These resuligesu that this second tributary contains more enuded
sediment but smaller nutrients compared to the +s@m Mandae Stream. Concentrations of both TSSadnd
measured ions increased from the upstream (IBdipvnstream location (1B2) of the confluence of thieuk River
and Mandae Stream, suggesting disproportionataeinfle of the small Mandae Stream on the watertgualithe
larger Inbuk River.
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Table 1. Summary of measured water quality comperieriO stream locations for the 1-yr monitorirgripd from May 2008 to
April 2009. Values are means followed by one stathdaviation in parentheses (n = 22).

Parameter Site
MD1 MD2 MD3 MD4 MD5 MD6 MD7 MD8 IB1 IB2

630 6.98  8.12 7.18 6.77  7.29 7.01 729 972 7.13
(1.27) (0.10) (0.96) (0.42) (1.16) (0.40) (0.57) .6 (0.58) (0.63)

EC 36.39 87.78 150.73 165.03 63.74 114.78 120.70 137.74 53.47 68.36
(uScm') (15.94) (29.55) (50.68) (108.90) (12.83) (48.56) (41.02) (49.98) (8.55) (20.82)

DO 9.72 955 885  10.47 9.88  9.07 9.49 9.45 .140 9.83
(mgl) (2.34) (1.34) (153) (5.82) (1.76) (2.90) (1.48) .3@ (1.88) (2.13)
UVA 0.023 0.037 0.042 0.038 0.035 0.034 0.039  0.041 0.029 0.029
at 254nm (0.009) (0.022) (0.019) (0.015) (0.016) (0.017) (0.025) (0.022) (0.020) (0.016)
1SS 256 1437 6.66  33.46 262 452 5096  45.49 2.99 9.14
(mgl)  (2.69) (36.91) (6.49) (45.38) (1.70) (5.86) (128.60)86.93) (5.11) (10.62)

boc 097 143 115 1.07 119
(mgr')  (0.28) (0.47)  (0.33) (0.41)  (0.49)
cr 184 575 1099 1533 353 634  6.76 8.73 273 454

(mgr') (0.41) (2.71) (6.00) (22.68) (1.38) (3.55) (2.92) 6.18) (0.76) (3.18)
SO 250 497  7.35 7.81 4.98 7.33 7.60 712 139 431
(mgl) (052) (1.70) (6.09) (3.08) (1.58) (2.70) (3.09) 5@ (0.80) (1.27)
NO;-N 105 276 355 4.65 1.09 3.71 3.27 358 306 1.21
(mgl)  (0.39) (1.03) (1.16) (1.69) (0.31) (2.16) (1.14) .4@) (0.29) (0.63)
NH,S-N 0.03 005  0.08 0.12 0.04 0.08 0.05 0.08 30.0 0.05
(mgr)  (0.03) (0.06) (0.18) (0.08) (0.03) (0.23) (0.10) .0 (0.03) (0.06)
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Figure 2. Temporal variations in runoff (mm ¥y precipitation (ppt; mm k), TSS (mg £), UVA:s, (AU), EC (S
cm?), and concentrations of NON and NH*-N in four selected stream locations (MD1, MD4, #B1d IB2) over
the two-year monitoring period from May 2008 thrbupril 2010

Stream water quality displayed strong seasonatitgteown by temporal trends observed in four sedestenpling
locations (Figure 2). Both TSS concentrations and\ i, intensities (as a measure of dissolved organidemat
tended to be higher during the summer monsoon gheiat the reversed trend was observed for elecbrductivity
and concentrations of all measured dissolved i&igute 2). This result suggests that frequent adimfduring the
summer monsoon period result in large export opended sediment and dissolved organic matter froliend soils,
but dilute streamwater concentrations of dissoived.
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Rainfall-induced increases in suspended sedimepbrexvere ascertained by the significant correfatietween
antecedent precipitation for 3 d before samplind @8S concentrations in the forest stream (datsshotvn), but
the relationship was weak in downstream locatigffecting human influences such as irrigation aadiraent
dredging. Monsoonal increases in streamwater sdggesediment have been ubiquitously observed éasts and
rivers across East Asia (Park et al., 2011). Hyaial flushing of organic matter from surface sallging storm
events (Hornberger et al., 1994) might have couteith to increases in U4, intensity during the wet period.

Rainfall-induced dilution of dissolved ions is allvestablished phenomenon observed in a rangereérss and
rivers (e.g., Brown et al., 1999; van Vliet and Zswoan, 2008; Tsai et al., 2009), although concéptra of
nutrients derived from diffuse sources, such as N€an increase as a result of rainfall flushingn(\diet and
Zwolsman, 2008). Relatively high concentrationglisSolved ions during dry periods posed a risk afern quality
deterioration in the watershed outlet (MD4; Fig@e As a consequence of rainfall-induced increaee$SS
concentrations and higher nutrient concentratiangd dry periods in the watershed outlet noticeatdncentration
increases occurred from the upstream (IB1) to dowam (IB2) location of the confluence of the Maadétream
and Inbuk River (Figure 2).

3.2. Short-term Variationsin Sream Water Quality during Siorm Events
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Figure 3. Short-term changes in runoff (mnhhprecipitation (ppt; mm hf), UVAs, (AU), and concentrations of
TSS ct, SQ%, and NQ-N (mg L) in the forest stream (MD1) and watershed oufiéb@) during two consecutive
storm events in 2008

Storm-induced short-term changes in stream watalityuwere compared in the headwater forest str@d®1) and
watershed outlet (MD4) for six storm events in 2@08 2009. Various storm responses were obsenmzhdiang on
water quality components, as illustrated by changessolved ion concentrations observed during tensecutive
storm events with a total precipitation of 429 mWBS concentrations and UVA intensities rapidly dexh
corresponding to changes in discharge during alitoed storm events (also illustrated in Figurev@hich is in
agreement with the seasonal pattern observed byotitme stream sampling (Figure 2). Peak TSS aunatons
during the extreme event (Figure 3) reached extiaarily high levels in both forest stream and wsied outlet,
particularly compared to the relatively low levelsTSS observed by the routine sampling. While fedivinduced
dilution of dissolved ion concentrations was obsdrduring the summer monsoon periods by the rosamepling
(Figure 2), short-term storm responses dependedtam characteristics and ions. During the extresment
depicted in Figure 2, for example, there were riggatlationships between discharge and conceatrsidf Cl and
NO; as expected from rainfall-induced dilution, wh86,> concentrations tended to increase with risingtdisge
in both forest stream and watershed outlet.
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3.3. Summary and Implications

Routine stream sampling at 2- 4 week intervalsOnstteam locations showed distinct spatial pattéosnstream
water quality in the Haean Basin, including inchegsconcentrations of TSS and dissolved nutrientsatd
downstream reaches of agricultural streams. TS8ertrations and UV4, intensities were generally higher during
the summer monsoon period in all stream locatiarsle relatively high nutrient concentrations werteserved in
agricultural steams, particularly during extendetbught periods. Rapid storm-induced increases irS TS
concentrations resulted in extraordinarily high aamtrations in both forest stream and watershel@todiiring peak
flow periods, suggesting that low-frequency routstikeam sampling can not adequately capture ragsiplonses of
suspended sediment export to storms, resultinghioralerestimation of surface runoff and soil enosiiltation-
related water quality problems occurred in the ptatka following extreme storm events over the megears,
including temporary malfunctioning of drinking wafacilities by turbid waters (Park et al., 201@dahe export of
soil-bound Pb (Jo and Park, 2010). The resultdisfdtudy underline the importance of extreme edirdvents for
soil erosion and its impacts on stream water quatitsteep mountainous watersheds. High dry-periottient
concentrations in agricultural steams suggestr@itl expansion of agricultural lands in the HaBasin over the
recent decades has resulted in elevated riskseafrateutrophication during extended drought periods
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