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13 Abstract

14 Fluvial sediment changes in cold regions are key research focus under global warming.
15  However, the understanding in glacier basins remains constrained by sparse observations.
16  Accurate turbidity—suspended sediment concentration (SSC) relationships are essential but
17 challenging for real-time monitoring of SSC, especially in basins supplied by multi-source runoff.
18  In this study, in-situ turbidity monitoring and SSC sampling were conducted at two cross sections,
19 the Kuoqionggangri glacier terminus and the basin outlet, respectively. The main controls on
20  turbidity—SSC relationships were examined via laboratory mixing experiments. Contrasts in

21  sediment grain size distributions, shaped by varied sediment source zones during periods
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22 dominated by snowmelt, glacier melt, and rainfall, respectively, are the primary driver of
23 turbidity—SSC relationship variability. Relative to a full-period curve, period-specific curves
24 improved the fit markedly, with R? increasing from 0.86 to 0.98. However, direct extrapolation of
25  low-turbidity curves (<1400 NTU) to the medium range (1400~3000 NTU) performed poorly
26  (NSE=-0.67~0.11). In contrast, extrapolation of grain-size composition achieved much higher
27  accuracy (NSE=0.91~0.98). A grain-size informed framework was therefore developed to extend
28  turbidity—SSC relationships by tracking systematic changes in grain-size fractions. SSC estimates
29  for the medium-turbidity range derived using this framework achieved NSE values of 0.96~0.98,
30  allowing the relationships to be extended from the sampled range (<2840 NTU) to an unsampled
31  high-turbidity range (<5580 NTU). The framework provides a feasible approach for deriving high
32 temporal resolution SSC from turbidity records in remote glacier basins and improves process-

33 based understanding of sediment dynamics in high altitude or latitude rivers.

34  Keywords: Turbidity—SSC relationship; Sediment grain size; Multi-source runoff; Glacier basin;

35  Tibetan Plateau.
36 1 Introduction

37 Long term and continuous monitoring of sediment concentration in rivers fed by multiple
38  runoff sources is essential for comprehensively understanding sediment transport processes and
39  for reliably quantifying riverine sediment loads (Hoffmann et al., 2020; Liu et al., 2023).
40  Suspended sediment is commonly the dominant mode of fluvial sediment transport, accounting
41  for more than 90% of the total sediment load in many river systems (Mieras et al., 2019), and
42 serves as the principal carrier of nutrients, pollutants, and other particle-bound constituents in
43 aquatic environments (Zeng et al., 2023). Accurate estimation and interpretation of suspended

44  sediment loads are therefore critical for assessing erosion (Li et al., 2021a), channel siltation and
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45  deposition (Li et al., 2021b), riverbed geomorphology (Yan et al., 2025), and water quality
46  dynamics (Wu et al., 2026), all of which are crucial to basin management. Globally, river sediment
47  loads have been profoundly reshaped by the combined effects of climate change and human
48  activities (Delaney et al., 2025; Dethier et al., 2025). Rising temperatures, increasing precipitation,
49  and land use change can enhance sediment supply (Knight and Harrison, 2009; Zhang et al., 2022a;
50  Li et al., 2025), whereas dams and river regulation trap sediment and reduce downstream and
51  coastal delivery (Wu et al., 2026). These interacting pressures are particularly pronounced in High
52 Mountain Asia, where warming-induced hydrological shifts and intensified glacier melt contribute
53  substantially to sediment production and export (Zhang et al., 2022b; Li et al., 2021a).
54  Nevertheless, constrained by the complexity of hydrological-sediment processes and limitations
55  in observation techniques, monitoring in glacier basins remains sparse, severely constraining
56  process-based understanding of sediment dynamics and their responses to ongoing climate change.
57 In recent decades, the use of turbidity sensors to monitor suspended sediment loads has
58  attracted increasing attention worldwide (Chauché et al., 2014; Chen et al., 2016; Droujko and
59  Molnar, 2022). Turbidity, widely adopted as a surrogate for suspended sediment concentration
60  (SSC) (Jalon-Rojas et al., 2015), is defined as the degree to which suspended particles scatter light
61  in water and is expressed in nephelometric turbidity units (NTU) (Gippel, 1995; Downing, 2006;
62  Gray and Gartner, 2009; Voichick et al., 2018; Mathers et al., 2019; Davies-Colley et al., 2021).
63 In situ deployment of turbidity sensors enables real-time acquisition of high temporal resolution
64  data (Chung et al., 2007; Davies-Colley et al., 2014), from which SSC can be estimated after
65  calibration. Compared with traditional filtration and gravimetric approach, turbidity monitoring is
66  more efficient and less constrained by sampling frequency, site accessibility, and observation

67  duration. It has therefore been widely applied in lakes, low- to mid-elevation basins, and estuaries
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68  (Walling et al., 1999; Jalon-Rojas et al., 2015; Skarbevik et al., 2023; Wang et al., 2026). Because
69  turbidity records must generally be calibrated against measured SSC, periodic water sampling
70  remains necessary to establish appropriate turbidity—SSC relationships (Ziegler et al., 2014).
71  Cross-basin comparisons have shown that turbidity—SSC regressions can differ markedly among
72 river basins, indicating limited transferability (Bright and Mager, 2020; Skarbevik et al., 2023),
73 and controlled laboratory experiments have reached similar conclusions (Bakker et al., 2024;
74  Ravazzolo et al., 2026). Collectively, these studies indicate that establishing an accurate, basin-
75  specific turbidity—SSC relationship is a prerequisite for converting turbidity observations into
76  reliable SSC estimates, and that such relationships often require separate calibration for different
77  periods (Skarbevik et al., 2023). This is because turbidity is controlled not only by SSC itself
78  (Downing, 2006; Choi et al., 2024), but also by particle size (Druine et al., 2018), organic-matter
79  content (Bright et al., 2020), density (Bilotta and Brazier, 2008), particle shape (Felix et al., 2018;
80  Wozniak and Pisarska-Jamrozy, 2018), and color (Sutherland et al., 2000). These factors c are the
81  principal sources of uncertainty in turbidity—SSC relationships (Navratil et al., 2011; Bright et al.,
82  2020).

83 Field sampling combined with laboratory experiments has been widely used to examine the
84  controls on turbidity—SSC relationships under controlled conditions (Clifford et al., 1995; Davies-
85 Colley and Smith, 2001; Murillo-Bermudez et al., 2021). For example, Sehgal et al. (2022)
86  developed a generalized turbidity—SSC formulation by incorporating median grain size (Dso),
87  organic matter content, and particle-scattering efficiency, and validated it experimentally. This
88  generalized equation quantitatively captures the influence of several key factors, giving it
89  relatively broad applicability, while highlighting the dominant role of grain size and demonstrating

90 its validity under low-sediment conditions. However, reliance on median grain size alone may
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91  obscure important diagnostic information contained within the full particle size distribution
92 (Chung, 2008). In recent years, an expanding body of research has further identified grain-size
93  distribution as the dominant control on turbidity—SSC relationships (Druine et al., 2018; Landers
94 et al., 2013; Pfannkuche and Schmidt 2003). Kim et al. (2025) developed turbidity—SSC
95  relationships applicable across a broad range of suspended-sediment size fractions intended to
96  reflect natural river conditions, while limited sampling frequency and spatial representativeness
97  still hindered accurate calibration during extreme floods and typhoon-driven events. Despite these
98 advances, a mature and practically applicable framework remains lacking for constructing and
99  extending turbidity—SSC relationships in alpine basins under multi-source runoff conditions.
100 Up to date, most turbidity—SSC studies have focused on rivers with relatively simple or
101 largely single-source sediment supplies (Potes et al., 2012; Sherriff et al., 2015), whereas glacier
102 basins have received less attention despite their more complex suspended sediment provenance.
103 For example, Chen et al. (2016) employed turbidity observations for short-term monitoring and
104  analysis of SSCs in a glacier basin draining to Lake Nam Co on the Tibetan Plateau, but did not
105  examine differences among hydrological periods. Sediment-source tracing in the Kuogionggangri
106  Glacier Basin further reveals a distinctly multi-source sediment regime: approximately 52.8% of
107  sediment loads are derived from the glacial zone, whereas the remainder is supplied by overland
108  erosion driven by snowmelt and rainfall, with bare land and meadow areas contributing about 40.7%
109  and 6.5%, respectively (Liu et al., 2025). Such multi-source sediment supply remains poorly
110  represented in existing turbidity—SSC studies. Moreover, SSCs reported in many previous
111 turbidity—SSC studies are generally low, commonly <0.5 kg/m?* (Sherriff et al., 2015), whereas
112 SSCs in glacier basins can reach ~20 kg/m?®. This contrast reflects substantial differences in grain-

113 size distributions, mineral composition, and hydrological regimes between glacier basins and
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114  lower-elevation river systems. Under these complex and high sediment conditions, turbidity—SSC
115  relationships may behave complicatedly, underscoring the need for targeted investigations tailored
116  to these environments.

117 The primary aim of this study is to establish robust turbidity—SSC conversion relationships
118  for a glacier basin and thereby enable high temporal resolution monitoring of SSC from turbidity
119  records. Specifically, it is intended to (1) determine, on the basis of field observations, whether
120 turbidity—SSC relationships differ among melt-dominated and rainfall-dominated periods; (2)
121  identify the dominant controls on these relationships via laboratory mixing experiments that
122 isolate the effects of suspended-sediment properties; and (3) integrate field monitoring with
123 controlled laboratory mixing experiments to validate and extend turbidity—SSC relationships
124 beyond the range constrained by discrete field sampling, particularly under high-turbidity
125  conditions associated with extreme sediment concentrations. Collectively, these efforts are
126  expected to advance mechanistic understanding of turbidity—SSC relationships and their
127 governing factors in glacier basins, thereby providing a process-based framework for continuous
128  sediment transport monitoring and for assessing sediment dynamics and their sensitivity to
129 ongoing climate change in high-altitude or latitude cold region rivers.

130 2 Method and materials
131 2.1 Field sites

132 In this study, the Kuogionggangri Glacier Basin is selected as a representative glacier basin
133 on the southern Tibetan Plateau, characterized by distinct melt- and rainfall-driven hydrological
134 regimes and vigorous sediment production typical of high-altitude glacier systems. Favorable
135  conditions for sustained observation are provided by relatively convenient access and by the Lhasa

136  observation platform, which supports well instrumented monitoring cross sections at the glacier
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137  terminus and the basin outlet, thereby enabling continuous in situ turbidity measurements and
138  routine SSC sampling despite harsh alpine conditions. Under ongoing climate change, the basin
139 has exhibited dramatic environmental changes, including rapid warming and accelerated glacial
140  ablation. It exhibits clearly defined snowmelt, glacier melt, and rainfall periods. In such settings,
141  runoff borne sediment can respond rapidly to hydrological events driven by snowmelt, glacier
142 melt, and rainfall (Petts et al., 1985; Old et al., 2005; Kaless et al., 2024), while sediment sources
143 vary substantially across seasons and event types (Liu et al., 2025). This combination of strong
144 hydroclimatic forcing, dynamic sediment supply, and relatively robust monitoring infrastructure
145  renders the basin an ideal natural laboratory for evaluating turbidity—based frameworks in glacial
146  environments.

147 For turbidity monitoring in the glacier basin, long range, real time telemetered turbidity
148 monitoring systems were installed at two hydrological cross sections: the glacier terminus at
149 5316.8 m a.s.l and the basin outlet at 4905.5 m a.s.l, within the Kuoqionggangri Glacier Basin
150  (90°12'0"E, 29°54'0"N) established by the Lhasa Earth System Multi-Dimensional Observatory
151  Network (LESMDON) (Fig. 1). Background information for the basin is provided in Liu et al.
152 (2025). Because river water typically freezes from about November to the following April,
153 suspended sediment observations were conducted annually from May to October. The geospatial
154  dataused in Fig. 1a include topographic data obtained from the NASA Earthdata Search platform
155  (https://search.earthdata.nasa.gov) and land use data, including glacier extent, obtained from
156  National Tibetan Plateau/Third Pole Environment Data Center (http://data.tpdc.ac.cn).
157  Meteorological data were obtained from LESMDON and in situ rain gauge measurements, while
158  snow cover fraction was derived from MODIS remote sensing products accessed via the NASA

159  National Snow and Ice Data Center (NSIDC) (https://nsidc.org/home).
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Fig. 1. Geographic location and land use types of the Kuogionggangri Glacier Basin (a). (b) and

(c) are close-up photographs of the glacier terminus and basin outlet cross-sections, respectively.

2.2 In situ Monitoring and Sampling

Continuous and automated monitoring of runoff turbidity was conducted using the turbidity
sensors (OBS-3+, Campbell Scientific Inc., CSI) factory calibrated with a measurement range of
0 to 6000 NTU. Each sensor was housed in a perforated steel sleeve (20 cm in diameter and 2 m
in length) and mounted beneath the pedestrian bridges at the two cross sections (Fig. 1). The
sensors were positioned to remain continuously submerged, approximately 20 cm above the
riverbed, and aligned parallel to the flow direction. Turbidity was recorded every 10 minutes as a
continuous time series. Sensors were cleaned twice per year to remove fouling and debris that
could otherwise compromise measurement accuracy.

Converting turbidity to SSC requires concurrent, intensified in situ sampling at both cross

sections, namely the glacier terminus and the basin outlet. From 2021 to 2024, intensive sampling
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181  was conducted at both sections to capture sediment dynamics during snowmelt-, glacier melt-, and
182  rainfall-dominated periods. The criteria used to delineate these three periods on the basis of
183  turbidity, air temperature, precipitation, and related observations are described in Liu et al. (2025),
184 and field photographs of runoff conditions reveal pronounced differences in sediment
185  characteristics among them (Fig. S1). Given the logistical constraints of fieldwork, sampling on
186 non-rainfall days was generally undertaken when temperatures were relatively high and sediment
187  changes were clearly visible, typically between 14:00 and 19:00. On rainfall days, sampling began
188  at the onset of daytime precipitation and ended two hours after rainfall ceased; nocturnal rainfall
189  events were not considered. To account for vertical variability, each 1 L sample comprised two 0.5
190 L subsamples collected at approximately one quarter and three quarters of the flow depth below
191  the surface. Sampling intervals were set at 30 minutes under low-SSC conditions and 10 minutes
192 under high-SSC conditions, yielding a total of 370 suspended sediment samples.

193 In addition, soil samples from potential sediment source areas were collected. The
194  classification of potential source areas and the sampling strategy followed Liu et al. (2025). The
195  dominant land cover types in the study area include glaciers, bare land (subdivided into extremely
196  high-altitude and high-altitude bare land), and alpine meadow.

197 2.3 Sample treatment and measurement

198 Water samples were filtered immediately after collection through pre-combusted 1.2 um
199  Whatman GF/C glass-fibre filters for the determination of SSC, which was measured using the
200  standard gravimetric framework. Specifically, the filters were oven-dried at 105 °C for at least 2
201  h to constant weight, and SSC was calculated from the difference in filter mass before and after
202 filtration and drying divided by the volume of water filtered. Because of limitations in sampling

203  frequency, the highest turbidity associated with field-collected suspended sediment samples was
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204  obviously lower than the turbidity sensor recorded peak value.

205 In addition to SSC determination, both suspended sediment and source soil samples were
206 analyzed for grain-size distribution and organic-matter content. Prior to analysis, samples were
207  air-dried at room temperature, gently disaggregated, and passed through a 2 mm sieve to remove
208  coarse debris. The <2 mm fraction was then further homogenized using an agate mortar and pestle
209  to ensure representative subsampling. Grain size distribution was determined using a combination
210  of dry sieving and laser diffraction. All samples were first fractionated by dry sieving through a
211  nested series of standard meshes, and each size fraction was weighed to determine its mass
212 percentage (Fig. S2). To further characterize the fine fractions and validate the sieve-derived
213 results for particles finer than sand, selected representative samples were additionally analyzed
214  using a laser particle size analyzer (Malvern Mastersizer 2000, UK). Prior to laser analysis,
215  approximately 20 mL of H.0O was added to remove organic matter, and the suspension was heated
216  to near boiling. Subsequently, 3~4 drops of HCI were added to remove carbonates. After the
217  reaction had proceeded to completion, the supernatant was decanted, and the treated sample was
218  dispersed and measured using the laser analyzer (Callesen et al., 2018). The conversion
219  relationship between sieve-based and laser-based grain-size results is provided in Text S1 in the
220  Supplemental Material.

221 Organic-matter content was determined for the < 2 mm fraction. After sieving and
222 homogenization, samples were analyzed for organic carbon using a TOC-V analyzer. Where
223 necessary, pretreatment was carried out to remove inorganic carbon prior to measurement, and the
224  resulting organic carbon content was employed as a proxy for organic-matter content. Detailed
225  procedures for the collection and processing of source soils from different land cover types are

226  described in Liu et al. (2025).

10
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227 2.4 Lab experiments

228 To elucidate the key factor driving variability in turbidity—SSC relationships and to develop
229  an extended, high precision relationship that compensates for limitations in field sampling, a suite
230  of controlled laboratory mixing experiments was designed and conducted. The experimental setup
231  comprised a cylindrical tank with a diameter of 0.6 m, a mixer, a current meter, a turbidity sensor,
232 and a supporting frame (Fig. S3). Sediment/soil materials were mixed with water at prescribed
233 concentrations. Mixer speed was adjusted to reproduce the flow velocities observed during field
234  monitoring, which were measured using the same current meter as in the field. During each run,
235  the mixture was continuously stirred and turbidity was recorded in real time. Readings were taken
236  at 1- minute intervals, and the mean of three consecutive measurements was used as the turbidity
237  value for each run.

238 The mixing experiments comprised four sets of trials:

239 (1) Preliminary tests: Suspended sediments from the glacier terminus and basin outlet cross
240  sections were used to reproduce field-measured turbidity—SSC relationships under different
241  experimental conditions and to rigorously verify the experimental design;

242 (2) Group A: Mixtures with a range of SSCs were prepared from individual source materials,
243 including glacier moraine material, extremely high-altitude bare-land soil, high-altitude bare-land
244 soil, and meadow soil, to establish turbidity—SSC curves for materials with different particle sizes.
245  Median grain size (D50) was used as the primary descriptor of particle size because suspended
246  sediment derived from the same source material and comparable event types was relatively
247  homogeneous, making a single summary metric appropriate for comparing particle-size effects
248  among source materials (De Lange et al., 2024). Here, D50 denotes the grain size at which 50 %

249  of the cumulative mass or volume distribution is finer;
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250 (3) Group B: Suspensions from a single source were prepared with different organic matter
251  contents to evaluate the effect of organic matter on turbidity—SSC relationships;

252 (4) Group C: The proportional composition of grain size fractions in suspended sediment
253 samples from periods dominated by different hydrological processes was used to prepare a series
254 of mixtures with varying SSCs. The resulting turbidity—SSC curves were used to reconstruct and
255  extend field-derived turbidity—SSC relationships.

256 Other factors, such as flow velocity and particle color, have been shown in previous studies
257  to exert only minor effects on turbidity—SSC relationships under comparable conditions (e.g.,
258  Sehgal et al., 2022). In addition, because clay sized particles (<50 um) can flocculate in water and
259  form larger aggregates (Soulsby et al., 2001; Wozniak et al., 2010; Kostaschuk et al., 2018; Merten
260 etal., 2014; Felix et al., 2018; Druine et al., 2018; Sehgal et al., 2022), size classes finer than 50
261  pm were not further subdivided in the experiments. The detailed experimental design is provided
262  in Table 1.

263 2.5 data analysis

264 Field sampled and measured SSCs were paired with the corresponding turbidity observations,
265  and their relationship was modelled using a power law function (y = ax®). Unlike the linear
266  regressions commonly used in previous studies (Sehgal et al., 2022), a power law formulation was
267  adopted, consistent with the hysteresis relationship between turbidity and SSC reported by Landers

268 etal. (2013).

12
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269

270

Table 1. Experimental design for the laboratory mixing trials of turbidity—SSC relationships.

Experiment Objective Trial Group Names Trial Counts Sediment Composition Key Experimental Variables
Preliminary Verify the feasibility —Pre E1 100 Suspended Sediment Collected from the Glacier Terminus SSC: 0.03~15.00 kg/m?
Experiment of the experiment
design Pre E2 300 Suspended Sediment Collected from the basin Outlet SSC: 0.02~9.00 kg/m?
Group Establish turbidity—  Group Al 50 Moraine Material Median Particle Size (Dso): 31.45 um
Experiment SSC relationship . . . . . . )
curves to analyze the Group A2 50 Extremely High-Altitude Bare Soil Median Particle Size (Dso): 24.00 um
influence of particle  Group A3 50 High-Altitude Bare Soil Median Particle Size (Dso): 19.21 pum
Group A4 50 Meadow Soil Median Particle Size (Dso): 4.62 um
Group Establish turbidity—  Group Bl 50 Moraine Material SOC: 0.01%~0.13%
Experiment SSC relationship . . . o o
curves to analyze the Group B2 50 Extremely High-Altitude Bare Soil SOC: 0.14%~0.31%
influence of organic  Group B3 50 High-Altitude Bare Soil SOC: 0.36%~0.56%
matter content
Group B4 50 Meadow Soil SOC: 1.27%~2.81%
Group Reproduce and  Group C1 1056 Snowmelt Period Suspended Sediment from the Glacier Terminus Grain Size: <1250 pm
Experiment extend turbidity— ) ) ) ) .
SSC relationships Group C2 635 Glacier Melt Period Suspended Sediment from the Glacier Terminus ~ Grain Size: <2000 pm
Group C3 465 Rainfall Period Suspended Sediment from the Glacier Terminus Grain Size: <900 um
Group C4 1106 Snowmelt Period Suspended Sediment from the Basin Outlet Grain Size: <600 pm
Group C5 882 Glacier Melt Period Suspended Sediment from the Basin Outlet Grain Size: <900 pm
Group C6 1358 Rainfall period Suspended Sediment from the Basin Outlet Grain Size: <350 um

13
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271 The power-law relationship is empirical, and its fitted coefficients do not have direct physical
272 meanings. However, variations in a and b can be interpreted in relation to sediment supply, particle
273  characteristics, and the transport capacity of flowing water. In this respect, the turbidity—SSC
274  relationship is analogous to conventional sediment-water relationships, such as discharge—
275  sediment load relationships, in which empirical parameters reflect the combined effects of
276  sediment availability and hydraulic forcing (Walling, 1977). To improve SSC estimation at each
277  cross-section, separate turbidity—SSC relationships were developed for periods dominated by
278  snowmelt, glacier melt, and rainfall. Model performance was evaluated using the correlation
279 coefficient (R?), the Nash—Sutcliffe efficiency (NSE) coefficient, and root mean square error
280  (RMSE). The definitions of these metrics are provided in Text S2 in the Supplemental Material.

281 3 Result
282 3.1 Variation of turbidity at the glacier terminus and basin outlet

283 Turbidity monitoring results for the glacier terminus and basin outlet sections of the
284  Kuoqionggangri Glacier Basin from 2021 to 2024 are shown in Fig. S4, marked with periods
285  dominated by snowmelt, glacier melt, and rainfall determined following Liu et al. (2025). The
286  records reveal pronounced contrasts in turbidity dynamics between the two sections. At the glacier
287  terminus, intense fluctuations were concentrated mainly from May to August, reflecting the strong
288 influence of glacier melt and snowmelt (Fig. S4). During this period, meltwater delivered large
289  volumes of sediment to the channel at the glacier terminus, producing markedly elevated turbidity.
290  About 4.8% of observations exceeded 500 NTU, with multiple exceptionally high peaks; maxima
291  reached 4633 NTU during the glacier melt period and 3330 NTU during the snowmelt period.
292  These peaks were typically associated with intense rapid glacier ablation or snowmelt episodes,

293  indicating that temperature driven meltwater pulses can trigger severe erosion and sediment

14
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294  transport above the glacier terminus, thereby increasing SSCs and, in turn, turbidity. By contrast,
295  in September and October, when glacier melt and snowmelt no longer dominated, turbidity
296  remained relatively low; only 0.2% of observations exceeded 500 NTU, indicating substantially
297  weaker erosion and sediment export at the glacier terminus during this period.

298 Compared with the glacier terminus, turbidity at the basin outlet exhibits a much more
299  pronounced seasonal variation (Fig. S4). Peaks are higher, reaching a maximum of 5476 NTU,
300  and occur mainly during the summer glacier melt and rainfall dominated periods (July to August),
301  with rainfall driven erosion being concentrated in the middle and lower parts of the basin. During
302  the spring snowmelt period, turbidity at the basin outlet is markedly lower than at the glacier
303  terminus, with a maximum of 2421 NTU. This likely reflects the fact that sediment during this
304  period is sourced primarily from the glacier terminus and is subsequently deposited during river
305  channel transport, substantially dampening turbidity peaks at the outlet. By contrast, during the
306  glacier melt and rainfall dominated periods, turbidity variability at the basin outlet is more
307  pronounced than at the glacier terminus. This is particularly evident during the rainfall period,
308  when turbidity peaks at 5477 NTU, and such high values are closely associated with relatively
309 intense rainfall events, a pattern that differs from the dynamics at the glacier terminus. Moreover,
310  during the snowmelt and glacier melt periods, the overall turbidity trajectory at the basin outlet
311  broadly mirrors that at the glacier terminus, yet diurnal peak timings are slightly delayed by about
312 1 to 2 h, consistent with the sediment travel time from the glacier terminus to the basin outlet.

313 3.2 Field-derived turbidity—SSC relationships

314 Fig. 2(a) shows the field-derived turbidity (y)-SSC (x) relationships at the glacier terminus
315  and basin outlet when all observations were pooled without accounting for hydrological period
316  differences. Clear differences were observed between the two cross-sections. At the glacier
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317  terminus, the fitted relationship is y = 0.0012x!® (R2 = 0.85), whereas at the basin outlet it is y =
318 0.0008x'?*? (R? = 0.86). Both parameters are higher at the glacier terminus, particularly the
319  exponent, indicating a steeper scaling in which SSC responds more sharply to changes in turbidity
320  at the glacier terminus than at the basin outlet. Notably, however, regressions fitted without
321  accounting for additional controls show only moderate accuracy.

322 Recognizing that sediment sources are broadly comparable within periods dominated by a
323 single hydrological driver (Liu et al., 2025), the turbidity—SSC data were divided by the dominant
324  hydrological regime (e.g., snowmelt, glacier melt, and rainfall). Fig. 2(b) presents the regression
325  results for both sections across the three periods. After this stratification, the goodness of fit (R?)
326  ofthe power law regressions improves markedly, and clear differences emerge among the regimes.
327  For example, at the glacier terminus, the fitted relationships are y = 0.0021x!!* (R2 = 0.98) during
328  the snowmelt period, y = 0.0032x!!8 (R2=0.92) during the glacier melt period, and y = 0.0017x!-12
329  (R?=0.78) during the rainfall-dominated period. At the basin outlet, the fitted relationships are y
330 =0.0007x!?° (R2=0.96) during the snowmelt period, y = 0.0024x'%7 (R = 0.94) during the glacier
331  melt period, and y = 0.0007x'!¢ (R2 = 0.93) during the rainfall-dominated period. These results
332  indicate that process-based stratification better captures the variability in turbidity—SSC

333  relationships under contrasting runoff and sediment-supply conditions.
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335 Fig. 2. (a) Field-observed turbidity—SSC relationship; (b) fitted turbidity—SSC relationships for
336 the three periods at the two cross-sections.
337 It should be noted that the maximum turbidity paired with field measured SSCs was 2840
338  NTU, whereas the turbidity sensor recorded a peak value of 5580 NTU. This mismatch mainly
339  reflects the short-lived nature of extreme turbidity peaks, which are difficult to capture through
340  manual sampling under field conditions. Consequently, the effective calibration range of the field-
341  derived turbidity—SSC relationships is limited. Although the period specific regressions markedly
342 improve goodness of fit, it remains unclear whether the fitted functions can be extrapolated
343  reliably to estimate SSCs at high turbidity (>2840 NTU). Such extrapolation would still carry
344  substantial uncertainty that is inherent to the dataset because observations increasingly deviate
345  from the fitted curves as turbidity increases. To illustrate this limitation, two cases spanning
346  relatively wide turbidity ranges were selected: the glacier terminus during the snowmelt period
347  and the basin outlet during the rainfall period. For each case, the dataset was divided into two
348  subsets. Observations with turbidity <1400 NTU were first used to fit a turbidity—SSC relationship,
349  which was then extrapolated to estimate SSC in the medium-turbidity range of 1400~3000 NTU.
350  Measured SSCs within this medium turbidity range were used for validation, and predictive
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351  performance was evaluated using the Nash—Sutcliffe efficiency (NSE) and root mean square error
352 (RMSE).

353 The results show that, although the fitted turbidity—SSC curves perform well within the
354  observed range of turbidity <1400 NTU, extrapolating them to 1400~3000 NTU yields very poor
355  accuracy and introduces substantial uncertainty (Fig. 3). For the glacier terminus during snowmelt,
356  the regression fitted to turbidity <1400 NTU is y = 0.0018x" ¥ (RMSE = 0.70 kg/m?), but when
357  extrapolated to 1400~3000 NTU and validated against observations, performance declines to NSE
358 = 0.11 and RMSE = 2.59 kg/m®. For the basin outlet during rainfall, the regression fitted to
359 turbidity <1400 NTU is y = 0.0008x"! (RMSE = 0.53 kg/m?), yet extrapolation to 1400~3000
360 NTU yields NSE =—0.67 and RMSE = 2.14 kg/m? against measured values. These results indicate
361  that the low- and medium-turbidity ranges are not governed by a single invariant relationship.
362  Therefore, a curve fitted to lower turbidity values cannot reliably convert higher turbidity
363  observations into SSC, particularly when high-end observations are sparse. The fixed regression
364  form fails to capture the systematic evolution of the turbidity—SSC relationship across the full
365  turbidity range. This limitation motivates the need for a framework that can extend turbidity—SSC

366  relationships when field sampling provides only limited coverage of high-turbidity conditions.
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368 Fig. 3. Validation of extrapolated turbidity—SSC relationships for the snowmelt period at the
369 glacier terminus section and the rainfall-dominated period at the basin-outlet section.
370 3.3 Reproducing field derived turbidity—SSC relationships and identifying their primary
371  controls in the lab
372 The preliminary laboratory mixing experiments successfully reproduced the field derived
373 turbidity—SSC relationship, confirming the suitability of the experimental framework (Fig. S5).
374  Comparison of turbidity values at equivalent SSCs showed strong agreement between the
375  laboratory trials and field observations, with NSE = 0.96 and RMSE =7.07 NTU. The fitted power
376  law parameters were likewise highly consistent between the laboratory and field datasets (Table
377  Sl1). These results indicate that the mixing experiments can reproduce the main turbidity—SSC
378  relationship observed under natural runoff-driven suspended-sediment transport conditions.
379 The mechanisms driving differences in turbidity—SSC relationships were then examined.
380  Group A experiments established turbidity—SSC relationships for single source soils with
381  contrasting gain sizes to evaluate the influence of grain size distributions (Fig. S6). Consistent
382  with Landers et al. (2013), the results show that turbidity—SSC relationships in this high-altitude
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383  glacier basin are strongly controlled by particle size. The curves derived from mixtures of different
384  source soil, including glacier moraine material, extremely high-altitude bare land soil, high-
385  altitude bare land soil, and meadow soil, differed markedly from one another, whereas each fitted
386  curve showed very high goodness of fit, with R? close to 1. This indicates strong within source
387  consistency and clear between source contrasts. Across source materials, coarser mixtures, such
388  as those derived from glacier moraine material, produced substantially higher SSCs than finer
389  mixtures, such as those derived from meadow soil, at a given turbidity. This pattern occurs because
390 finer particles scatter light more efficiently and therefore generates higher turbidity readings at the
391  same mass concentration (Gray and Gartner, 2009).

392 Organic matter content may also influence turbidity—SSC relationships. In the study basin,
393  however, organic matter content varies only modestly among source materials: meadow soils were
394  comparatively enriched (2.81%), whereas all other soil types contain <1%. Group B experiments
395 were therefore used to assess the effect of organic matter by establishing turbidity—SSC
396  relationships for materials with similar grain-size ranges but different organic-matter contents. The
397 fitted curves under contrasting organic matter levels were broadly similar, likely because organic
398  matter contents were generally low and varied within a narrow range (Fig. S7). Overall,
399 differences in organic-matter content exerted only a minor influence on turbidity—SSC

400  relationships in this basin, and their effect was substantially weaker than that of grain size.
401 3.4 Reproducing and extending turbidity—SSC relationships based on grain-size composition

402 The results in Sect. 3.3 highlight the dominant role of grain size in controlling turbidity—SSC
403  relationships and provide the basis for the Group C experiments. This study therefore infer that
404  variations in suspended sediment grain-size composition under contrasting hydrological

405  conditions are a primary driver of the observed variability in turbidity—SSC relationships.
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406 Fig. S8 shows the grain-size distributions of suspended sediment collected at the
407  Kuoqionggangri glacier terminus and basin outlet during the snowmelt-, glacier melt-, and
408  rainfall-dominated periods. The results reveal pronounced differences in grain-size composition
409  among periods and between cross-sections. These contrasts reflect shifts in hydro-meteorological
410  conditions and sediment source zones within the basin, which in turn modify the turbidity—SSC
411  relationship.

412 Further classification by grain-size fraction showed that suspended sediment samples from
413  the same cross-section and hydrological period had broadly similar grain-size compositions, while
414  the proportion of each fraction varied systematically with turbidity (Fig. S9). Quantitative
415  relationships between turbidity and the proportional composition of suspended sediment grain-
416  size fractions were therefore established for the three hydrological periods at both cross-sections
417  (Fig. S10). The percentage contribution of each size fraction showed a relatively stable increasing
418  or decreasing trend with increasing turbidity. Overall, finer fractions decreased progressively,
419  whereas coarser fractions increased, likely reflecting changes in flow hydraulics and sediment
420  transport capacity. Except during the glacier melt and rainfall periods at the glacier terminus, most
421  cases covered a relatively wide turbidity range. For periods spanning a wide turbidity range, the
422 low-turbidity range (<200 NTU) was excluded from the subsequent extension because it
423 corresponded to low SSCs and exhibited limited variation in grain-size composition; within this
424  range, the 0.5-50 pm fraction generally accounted for at least 95 % of the suspended material.
425  These results indicate that differences in turbidity—SSC relationships among periods and cross-
426  sections are closely linked to the evolving grain-size composition of suspended sediment. The
427  snowmelt period at the glacier terminus is used here as an illustrative example, with the complete

428  results provided in the Supplement.
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429 During the snowmelt period at the glacier terminus (Fig. S9), the proportion of the 0.5-50
430  pm fraction decreased with increasing turbidity, from 87.5% at 226 NTU to 76.9% at 1240 NTU.
431 By contrast, the proportions of the 50-75 um, 75-125 pm, 125-250 pm, 250-320 um, 320-500
432 pm, 500-900 um, and 900-1250 pm fractions increased gradually. Similar turbidity—grain-size
433 proportion relationships were observed for the other periods and cross-sections, although the upper
434  grain-size limit differed among cases. The nonlinear evolution of grain-size proportions with
435  increasing turbidity reflects the combined effects of changing hydraulic conditions and particle
436  settling behavior.

437 The feasibility of extrapolating grain-size composition proportion to higher turbidity was
438  then evaluated. For the snowmelt period at the glacier terminus, the dataset was divided into a
439  low-turbidity fitting segment (<1400 NTU) and a medium-turbidity validation segment (1400—
440 3000 NTU; Fig. 4). Each grain-size fraction was fitted as a function of turbidity using a power-
441  law relationship. In Fig. 4a, the solid curves represent the fitted relationships in the low-turbidity
442  segment, whereas the dashed curves represent their extrapolation into the validation segment. For
443 each turbidity value in the validation segment, the corresponding value on the dashed curve gives
444  the extrapolated percentage contribution of a given grain-size fraction, which was then compared
445  with the measured value.

446 The set of fitted power-law functions for the different grain-size fractions (p;(T)), where (i)

447  denotes the grain-size class and (7) denotes turbidity, must satisfy the mass-balance constraint:

448 pi(T) = 100% (1

1

n
i=
449  where p;(T) is the fitted percentage contribution of the i-th grain-size fraction. Thus, for each

450  turbidity level, the sum of the fitted proportions across all grain-size fractions must equal 100 %.

451  To satisfy this constraint, one fraction was defined as the residual term:
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Pu(T) = 100% — Y p;(T) 2
2

This residual formulation ensures that the extrapolated grain-size composition remains
physically consistent at each turbidity level.

Using the turbidity—grain-size relationships derived from the low-turbidity fitting segment
for the snowmelt period at the glacier terminus (Text S3), grain-size composition was extrapolated
into the validation segment and evaluated against measured values. The extrapolated grain-size
composition agreed well with the observations, with NSE = 0.91. Overall, increasing turbidity was
accompanied by a progressive decrease in the proportion of finer suspended particles, such as the
<75 um fractions, and a corresponding increase in coarser fractions, such as the 125-250 pm
fraction. This systematic pattern indicates that turbidity—grain-size composition relationships
calibrated in the lower turbidity range can be reasonably extrapolated to medium-turbidity

conditions.
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472 box, more groups of tests were conducted to ensure the feasibility).
473 The next step was to test whether SSC in the validation segment could be accurately derived
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474  from the extrapolated grain-size composition. Group C experiments were therefore conducted to
475  generate turbidity—SSC curves for the extrapolated grain-size compositions corresponding to
476  different turbidity levels. For each target turbidity, the corresponding grain-size composition was
477  first obtained from the extrapolated turbidity—grain-size relationships shown in Fig. 4a. A sediment
478  mixture with this grain-size composition was then prepared, and a series of suspensions with
479  increasing SSCs was produced to establish the corresponding laboratory-derived turbidity—SSC
480  curve. The SSC associated with the target turbidity was then determined from this curve. By
481  repeating this procedure for each target turbidity, a series of turbidity—SSC curves were generated
482  and the corresponding SSC estimates were obtained.

483 For example, for a turbidity of 2560 NTU, the corresponding grain-size composition was first
484  derived from the extrapolated turbidity—grain-size relationships in Fig. 4a. The laboratory-derived
485  turbidity—SSC curve for this grain-size composition was then used to determine SSC, as illustrated
486 in Fig. 4b. SSC estimates obtained using this procedure agreed closely with observations in the
487  validation range, with NSE = 0.98 and RMSE = 0.85 kg/m>. This performance was substantially
488  better than that obtained by direct extrapolation of the turbidity—SSC relationship, which yielded
489  NSE =0.11 and RMSE = 2.59 kg/m?). Similar results were obtained for the other cross-sections
490  and hydrological periods (Figs. S10 and S11), with NSE values of 0.96—0.98 and RMSE values of
491  0.85-0.93 kg/m>. These results demonstrate that the proposed grain-size-informed framework can
492  extend turbidity—SSC relationships beyond the range constrained by paired field samples.

493 The framework was then applied to derive SSCs at higher turbidity levels. For each
494  hydrological period and cross-section, power-law relationships between turbidity and grain-size
495  composition were fitted over the available field-sampling range and then extrapolated to higher

496  turbidity levels (Fig. S12). The fitting ranges were <3000 NTU for the snowmelt period at the
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497  glacier terminus, <600 NTU for the glacier melt period at the glacier terminus, <300 NTU for the
498  rainfall period at the glacier terminus, <1000 NTU for the snowmelt period at the basin outlet,
499 <1500 NTU for the glacier melt period at the basin outlet, and <3000 NTU for the rainfall period
500 at the basin outlet. The fitted turbidity—grain-size relationships performed well, with NSE values
501  of 0.91~0.96. Following the same procedure used for the validation range, laboratory mixtures
502  were prepared using the extrapolated grain-size compositions associated with higher turbidity
503 levels, and the resulting turbidity—SSC curves were used to derive SSCs for the extended turbidity
504  range (Fig. S13).

505 In summary, extrapolation of suspended sediment grain-size composition, coupled with
506  laboratory mixing experiments, enabled turbidity—SSC conversion relationships to be established
507  for the high turbidity domain across all three hydrological periods at both the glacier terminus and
508  basin outlet (Fig. 5). Across the two cross-sections and dominant hydrological regimes, the
509  extended relationships covered maximum turbidity values of approximately 2000~6000 NTU.
510  Differences in these maxima mainly reflect variations in the proportional increase of coarser
511  suspended material (=75 pm) among cases. A greater increase in the >75 um fraction leads to a
512 higher SSC at a given turbidity, thereby altering the upper range over which the turbidity—SSC

513  relationship can be extended.
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515 Fig. 5. Extended turbidity—SSC relationships for the three periods at the two sections in the
516 Kuoqionggangri Glacier Basin.
517 4 Discussion
518 4.1 Grain-size distribution controls on turbidity—SSC relationships
519 Field turbidity monitoring, sediment sampling, grain-size analysis, and controlled laboratory
520  mixing experiments at the glacier terminus and basin outlet provide a basis for examining
521  suspended sediment transport in glacier basins and its controlling factors. The results show that
522 turbidity, and therefore SSC, at both cross-sections is strongly influenced by contrasting erosion
523  and transport processes associated with snowmelt, glacier melt, and rainfall. The turbidity—SSC
524  relationship was not constant across these hydrological periods, mainly because of systematic
525  differences in suspended-sediment grain-size distributions. This finding is broadly consistent with
526 the relationships among concentration, turbidity, and discharge reported by Landers et al. (2013).
527  Accordingly, partitioning the data by hydrological period substantially improved the fit of the
528  turbidity—SSC relationships. The fitted curves show that, within a given period, the relationship at
529  the glacier terminus was generally steeper than that at the basin outlet, whereas the rainfall period
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530  produced the gentlest relationship at both cross-sections. Comparisons of suspended sediment
531 samples among periods and cross-sections suggest that these patterns reflect differences in
532 sediment properties generated by contrasting erosion and transport processes.

533 Consistent with previous studies, the results indicate that turbidity—SSC relationships are
534  controlled primarily by suspended sediment grain-size distribution, whereas organic matter
535  content plays a secondary role, partly through its influence on particle density and settling velocity
536  (Mager and Horton, 2025). By contrast, factors such as flow velocity and particle color appear to
537  exert only minor effects on turbidity—SSC relationships under comparable conditions (Kim et al.,
538  2025). These findings are consistent with the general relationship among turbidity, grain size, and
539  organic matter content proposed by Sehgal et al. (2022), although both turbidity and SSC were
540  substantially higher in the present glacier basin than in their study. Physically, fine particles, such
541  as clay and silt, remain in suspension longer and scatter light more efficiently than coarser sand
542 sized particles, thereby contributing disproportionately to turbidity at a given mass concentration.
543  These results support the use of grain-size distribution as the main basis for interpreting turbidity—
544  SSC variability in the glacier basin.

545 Field-measured suspended-sediment grain-size distributions were therefore incorporated into
546  the analysis of turbidity—SSC relationships. Grain-size measurements show marked differences in
547  both the range and shape of the distributions among hydrological periods and between cross-
548  sections. At the glacier terminus, maximum grain sizes during the snowmelt, glacier melt, and
549  rainfall periods were 1250 pm, >2000 um, and 900 um, respectively, whereas the corresponding
550 maxima at the basin outlet were 600, 900, and 350 um. These differences indicate that coarse
551  particles were transported more readily near the glacier terminus, whereas downstream transport

552 involved selective settling and progressive fining. Pfannkuche and Schmidt (2003) showed that
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553  turbidity—SSC relationships may diverge with increasing runoff because of changes in sediment
554  grain-size distribution. To describe these contrasts more fully, the particle size spectrum was
555  divided into ten fractions spanning the observed range. The results show that, within a given cross
556  section and hydrological period, grain-size distributions shifted systematically with increasing
557  turbidity, providing the basis for laboratory mixing experiments used to validate and extend the
558  corresponding turbidity—SSC relationships.

559 Across the three hydrological periods, the glacier terminus generally contained a higher
560  proportion of coarse suspended particles than the basin outlet, indicating a stronger glacier derived
561  sediment signal. During the snowmelt period, the proportion of particles <50 pm was lower at the
562  glacier terminus than at the basin outlet, whereas the 50~500 um fraction was broadly comparable
563  between the two cross-sections. A minor 900~1250 pm fraction occurred only at the glacier
564  terminus, accounting for approximately 0.5 % of the total and showing little variation with
565  increasing turbidity; this fraction was absent at the basin outlet. These differences help explain
566  why the turbidity—SSC curve at the glacier terminus was slightly steeper. However, because the
567  50~500 pm fraction increased more strongly with turbidity at the basin outlet, the slopes of the
568  two curves progressively converged. The extrapolated trends further suggest that the basin outlet
569  curve could eventually exceed that of the glacier terminus. This pattern likely reflects enhanced
570  hillslope snowmelt runoff and the associated increase in flow energy. The progressive coarsening
571  of suspended sediment at the basin outlet with increasing turbidity therefore helps explain the
572 observed change in the turbidity—SSC relationship.

573 During the glacier melt period, the tendency for suspended sediment to become progressively
574  coarser with increasing turbidity was especially pronounced, and the contrast between the two

575  cross-sections became more marked. At a given turbidity, the proportion of particles <50 um was
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576  markedly lower at the glacier terminus, whereas particles >2000 pm were observed only at this
577  cross-section, reflecting the abundant supply of coarse moraine derived sediment from the glacial
578  zone. Correspondingly, the turbidity—SSC relationship at the glacier terminus was both the highest
579  and the steepest, whereas that at the basin outlet was distinctly lower. This downstream reduction
580 reflects selective settling during transport and mixing with sediment from multiple sources, both
581  of which reduced the proportion of coarse suspended material.

582 During the rainfall period, both cross sections showed comparatively gentle turbidity—SSC
583  relationships. The basin outlet was strongly dominated by fine particles, with the <50 um fraction
584  accounting for approximately 90 % of the total, indicating increased sediment contributions from
585 non-glacier areas. By contrast, a small but increasing proportion of coarser particles in the
586  250~1250 um range persisted at the glacier terminus, explaining why the turbidity—SSC
587  relationship at this cross-section remained slightly higher than that at the basin outlet. From a
588  hydrodynamic perspective, the persistence of these coarser particles during the rainfall period may
589  be related to precipitation falling directly on the glacier surface. Rainfall can enhance runoff
590  generation and glacier ablation through heat input, producing runoff that mixes rainfall with
591  glacier meltwater. Where precipitation includes snowfall, subsequent melt can further contribute
592  snowmelt to the runoff mixture. In both cases, small amounts of moraine material can be entrained,
593  increasing the grain size of suspended sediment at the glacier terminus.

594 Comparisons among hydrological periods within the same cross section further support the
595  link between grain-size composition and turbidity—SSC relationships. At the glacier terminus, the
596  glacier melt period exhibited the coarsest suspended sediment and the highest turbidity—SSC curve,
597  indicating the greatest transport capacity under intense meltwater supply and direct delivery of

598  moraine material from the glacial zone. The snowmelt period was intermediate in both grain size
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599  and curve position, reflecting continued glacier influence but weaker transport capacity than
600  during peak glacier melt. The rainfall period contained the finest suspended material and showed
601  the lowest and gentlest turbidity—SSC relationship at this cross section, suggesting that locally
602  generated rainfall runoff was less effective at entraining coarse glacier derived sediment. A similar
603  but weaker ordering was observed at the basin outlet. There, the glacier melt and snowmelt periods
604  exhibited broadly similar grain-size distributions and turbidity—SSC curves within the low-
605  turbidity range, whereas the rainfall period was characterized by the finest material and the lowest
606  curve. These inter-period differences indicate that changes in sediment source are fundamental to
607  the observed variability: the glacial zone dominated the supply of coarse sediment during
608  snowmelt and especially glacier melt, whereas rainfall mobilized a larger proportion of fine
609  material from bare land and meadow areas, particularly at the basin outlet.

610 Overall, reconstructing and extending the evolution of suspended sediment grain-size
611  composition enabled field-derived turbidity—SSC relationships to be reproduced and extended
612  with high accuracy. This capability is important for estimating SSC during extreme sediment

613  transport events that are difficult to capture through field sampling.
614 4.2 Comparison with previous turbidity—SSC studies

615 The framework proposed in this study combines field-measured suspended sediment grain-
616  size composition with controlled laboratory mixing experiments to construct, validate, and extend
617  turbidity—SSC relationships. It therefore provides a complementary framework for estimating SSC
618  from turbidity records in high altitude, cold region glacier basins. This is particularly important
619  because routine field sampling is difficult in such environments, especially during short-lived
620  extreme events. As a result, paired turbidity—SSC samples often fail to cover the upper end of the

621  monitored turbidity range, and direct extrapolation of fitted relationships can introduce substantial
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622 error, as shown here by NSE values ranging from -0.67 to 0.11.

623 Previous studies have also highlighted the importance of grain-size variability in turbidity—
624  based SSC estimation. Felix et al. (2018) attributed mean relative errors of <20 % in turbidity—
625  derived SSC estimates partly to temporal shifts in grain-size distribution, supporting the need to
626  characterize grain-size evolution when constructing turbidity—SSC relationships. Our emphasis on
627  grain-size composition is also consistent with the generalized framework of Sehgal et al. (2022),
628  in which SSC is estimated from turbidity together with grain-size and organic matter variables.
629  However, representing the entire grain-size distribution using a single median grain size may
630  overlook important compositional changes. Similarly, Kim et al. (2025) controlled grain-size
631  distributions in laboratory mixing experiments and showed that turbidity—SSC relationships are
632  approximately linear when grain-size distribution is held constant. Their results, like ours,
633  emphasize the need to account for compositional variability, although their study focused mainly
634  on laboratory conditions and did not explicitly incorporate the in-situ evolution of suspended
635  sediment grain-size composition.

636 Compared with these studies, the present framework directly links systematic, turbidity-
637  dependent changes in suspended sediment grain-size composition to changes in turbidity—SSC
638  relationships. The laboratory derived relationships were first validated against field observations
639  and then used to extend field derived turbidity—SSC relationships beyond the range constrained
640 by paired samples. This framework addresses the challenge posed by hydrodynamically driven
641  changes in suspended sediment properties and provides a practical solution for glacier basins
642  where sediment sources are diverse, hydrological conditions are complex, and extreme event
643  samples are difficult to obtain.

644 4.3 Applicability and uncertainty of the proposed framework
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645 The proposed framework achieved NSE values of 0.96~0.98 when validated against
646  observations. By explicitly accounting for the temporal evolution of suspended sediment grain-
647  size distributions and combining this information with controlled laboratory mixing experiments,
648  the framework is well suited to multi-source water and sediment supply systems, such as glacier
649  basins, where grain size composition varies substantially among hydrological periods and
650  hydraulic conditions. These results demonstrate that incorporating field derived grain-size
651  information can improve SSC estimation from turbidity records. However, because the framework
652  relies on grain-size data, its application to other basins requires careful characterization of how
653  suspended sediment grain-size distributions vary with seasonality, runoff source, and event type.
654  This requirement is particularly important where rainfall-runoff—erosion processes are highly
655  variable or scale dependent. For example, transient changes in discharge and turbidity sensitivity
656  to rainfall forcing may become more difficult to interpret at larger spatial scales, where complex
657  rainfall-runoff—erosion interactions can obscure event-scale relationships (Goransson et al., 2013).
658 The construction and extension of turbidity—SSC relationships through combined field
659  monitoring and laboratory mixing experiments also take advantage of two important
660  characteristics of the study basin: pronounced spatial contrasts in sediment grain size and generally
661  low organic matter content. Because suspended sediment transport is mainly controlled by
662  snowmelt, glacier melt, and rainfall, sediment sources tend to remain relatively consistent within
663  each hydrological period. In other basins where suspended sediment contains higher or more
664  variable organic matter contents, organic matter should be explicitly incorporated into turbidity—
665  SSC calibration. Low density organic material can produce relatively high turbidity even at low
666  SSCs (Downing, 2006), and neglecting this effect may bias SSC estimates (Voichick et al., 2018).

667 Additional environmental controls may further affect turbidity—SSC relationships. For
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668  example, water temperature can influence flocculation and aggregation, thereby altering the
669  optical properties of suspended particles, while pH can affect particle surface charge and
670  aggregation behavior. These factors were not explicitly considered in the present framework and
671  should be examined in future applications. Some uncertainty is also unavoidable despite efforts to
672  minimize experimental error. The main sources include inaccuracies during laboratory sieving and
673  weighing, deviations between fitted grain-size proportion curves and true grain-size compositions,
674 and errors introduced when preparing laboratory mixtures from extrapolated grain-size
675  proportions, including weighing and stirring inconsistencies.

676 5 Conclusion

677 This study developed and validated a grain-size informed framework that integrates in situ
678  turbidity monitoring, paired SSC sampling, suspended sediment grain-size analysis, and
679  controlled laboratory mixing experiments to construct and extend turbidity—SSC relationships in
680  the Kuoqionggangri Glacier Basin. At the glacier terminus and basin outlet, paired field samples
681  covered turbidity values up to 2840 NTU, whereas the turbidity sensors recorded values up to
682 5580 NTU. A single turbidity—SSC relationship fitted for each cross-section provided only
683  moderate performance (R? = 0.85~0.86). After partitioning the observations into snowmelt-,
684  glacier melt-, and rainfall-dominated periods, model performance generally improved (R? =
685  0.78~0.98), demonstrating the importance of process-based stratification for turbidity-based SSC
686  estimation in glacier basins.

637 Direct extrapolation of period-specific turbidity—SSC relationships from the low turbidity
688  range (<1400 NTU) to the medium turbidity range (1400-3000 NTU) performed poorly (NSE = -
689  0.67 to 0.11), indicating that the fitted relationships were not directly transferable beyond the

690  calibration segment. Laboratory mixing experiments showed that suspended sediment grain-size
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691  composition was the dominant control on turbidity—SSC variability under contrasting runoft-
692  supply conditions. Extrapolated turbidity—grain-size relationships performed well in the validation
693  range (NSE = 0.91~0.98). By using the extrapolated grain-size composition at a given turbidity to
694  prepare laboratory mixtures and derive the corresponding turbidity—SSC curve, SSC estimates
695  were substantially improved (NSE = 0.96~0.98). This confirms that grain-size informed laboratory
696  mixing experiments can extend turbidity—SSC relationships into high-turbidity ranges that are
697  difficult to capture through field sampling alone.

698 The proposed framework can be generalized into four main steps: (1) continuous turbidity
699  monitoring and paired SSC sampling should be conducted at representative cross sections to
700  establish field-based turbidity—SSC relationships over the widest possible observational range; (2)
701  monitoring records should be partitioned according to dominant hydrological processes; (3)
702 suspended sediment samples from each period should be analyzed for key physical properties,
703  such as grain-size distribution and organic-matter content, and their relationships with turbidity
704  should be quantified; and (4) controlled laboratory mixing experiments should be used to generate
705  turbidity—SSC curves for representative sediment characteristics, allowing SSC to be derived and
706  validated beyond the range covered by paired field samples. In basins where organic matter,
707  mineral composition, or particle shape varies substantially, these additional controls should be
708  incorporated into the experimental design.

709 Because the present findings are based on a single glacier basin with specific hydroclimatic,
710  geomorphic, and sediment source conditions, the broader applicability of the framework requires
711  further evaluation. Future studies should apply this framework to a wider range of glacier basins
712 and examine how glacier type, bedrock lithology, sediment source characteristics, and basin

713 morphology influence turbidity—SSC relationships. More broadly, the results show that variations
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714 in suspended sediment grain-size composition, generated by contrasting water and sediment
715  production processes, are the principal cause of changes in turbidity—SSC relationships. The study
716  therefore provides both a process-based explanation for the instability of conventional single curve
717  calibrations and a practical framework for constructing and extending turbidity—SSC relationships
718  in small glacier basins. These findings support improved monitoring and interpretation of
719  suspended sediment dynamics in cold region rivers.
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