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. Abstract

Glacial and proglacial erosion are important sediment sources in a river basin. The retreat of many glaciers
on the Tibetan Plateau has important implications on the supply of fresh water and sediment dynamics
for downstream river basins. Despite the importance of water and sediment dynamics at these catchments,
existing quantification of suspended sediment fluxes from glacial catchments on the Tibetan Plateau is
limited due to poor accessibility and challenging environments. This study presents the results of in-situ
investigations of water discharge and suspended sediment fluxes from the Ming Yong glacial catchment in
Yunnan, Southwest China, between August 2013 and July 2017. The results show that the variation in
water discharge and suspended sediment was highly seasonal. The variation of average suspended sediment
concentration was large – 69±45 mg/L; 119±104 mg/L; 94±97 mg/L in 2013, 2015, 2016, respectively.
We estimate that the sediment yield from Ming Yong catchment was highly variable ranging from 1104
t/km2/year in 2013to 2281 t/ km2/year in 2016, with 65-78% of the total annual sediment load occurring
during summer (June to August). These annual variations in the sediment yield can be attributed largely to
precipitation patterns, or otherwise, extreme melting events. This study has provided a benchmark dataset
that can be used for further works that investigate the impact of climate change on sediment dynamics
in glacierized catchments in the Tibetan Plateau. Subsequently, the study let us better understand the
increasing sediment supply to the Upper Mekong River from glacierized catchments.

Introduction

The meltwater from glaciers on the Tibetan Plateau feeds many large Asian rivers, for example, Indus,
Ganges, Brahmaputra, Salween, Mekong, Tarim, Syr Darya (Li et al., 2021). Millions of people in the region
depend on the rivers for their livelihoods. With an average elevation exceeding 3,000m, the Tibetan Plateau
contains around 36,800 glaciers occupying a total area of ˜50,000 km2(Yao et al., 2012). These physical
conditions caused the Tibetan Plateau to be more susceptible to solar insolation and amplified its sensitivity
to global warming (Pepin et al., 2015). Indeed, Yao et al. (2012) found that glacial retreat on the Tibetan
Plateau has intensified since the 1990s.

Glaciers are powerful agents of erosion through denudation mechanisms, generating large amounts of glacial
debris in the process. Thus, sediment yields from glacial basins are higher than the global average (Hallet
et al., 1996). Suspended sediment fluxes from proglacial areas, accompanied by intensified meltwater and
increased sediment availability, have increased in response to accelerated glacier retreat ( Li et al., 2021;
Overeem et al., 2017). In glacier regions, the roles of sediment are double-edged – while it is essential
in the maintenance of riverine ecology, morphology, agriculture, and fisheries by providing nutrients and
materials (Walling, 2006),sediments absorb toxic chemicals such as mercury. Therefore, high concentrations
of sediment degrade water quality, change aquatic habitats, and cause civil engineering problems for dams
and river transportation (Li et al., 2021). Furthermore, given the context of climate change, understanding
sediment dynamics from glacial catchments, such asthe Tibetan Plateau, is important for land resource
management and planning (Li et al., 2021).

Sediment transport vary spatially along a proglacial river and is characterized by strong seasonal and diurnal
variabilities (Beylich et al., 2017). Proglacial sediment is predominantly produced by glacial movements
and transported by glacial meltwater, from the melting of ice on the ice surface (supraglacial), at the bed
(subglacial), or within the glacier (englacial) (Heckmann et al.,2016). Heat required to melt the ice can be
supplied by solar radiation or geothermal heat beneath the glacier (Bennett & Glasser, 2011). Therefore,
proglacial discharge hydrographs follow the temporal changes in solar incidence on annual and diurnal
timescales (Miles et al., 2020). Also. the rates at which meltwater and sediment are drained depend on the
type of pathways and the channel size (Carrivick & Tweed, 2021).

Previous studies on the quantification of suspended sediment load on the Tibetan Plateau are mostly derived
from hydrological gauging stations that are located far away from the glaciers (Li et al., 2021; Shi et al.,
2018). Also, field measurements of suspended sediment fluxes from proglacial rivers in the Tibetan Plateau
are very limited and spatially scattered. For example, Kumar et al. (2002) measured discharge and suspended

2



P
os

te
d

on
A

u
th

or
ea

28
M

ar
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

84
74

33
.3

59
96

85
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. sediment in the meltwater of Gangotri Glacier in Garhwal Himalaya, India; Kireet et al. (2012) analyzed the
spatio-temporal trends of suspended sediment flux along the Sutlej River and its main tributaries in western
Himalaya; Srivastava et al. (2014) measured discharge and suspended sediment load at Dunagiri Glacier
basin located in Garhwal Himalaya between 1984 and 1989. Nearer to Southeast Asia, studies that examined
sediment loads in the Mekong basin have reported a lack of sediment data from the Upper Mekong located
within China (Lu and Siew, 2006; Walling, 2008; Wang et al., 2011). Particularly, the glaciated catchments
there are poorly studied and, to our best knowledge, there has not been any study done to quantify the
sediment load there.

Consequently, this study focuses on Ming Yong Glacier in Yunnan Province, which islocated in the southeast
region on the Tibetan Plateau. The glacier was found to have retreated by 190m between 1998 and 2004,
with 110m of the retreat occurring between 2002 and 2004 (Baker & Moseley, 2007). Against this reduction,
knowledge about sediment delivery from the glacial catchments in the Upper Mekong basin is ever more
important in the understanding of sediment delivery dynamics for the whole Mekong basin (Lu et al., 2014).
Therefore, this study aims to: (1) quantify the sediment yield and sediment load from the Ming Yong
glacial catchment; (2) analyze the temporal variability of suspended sediment flux from Ming Yong glacial
catchment; and (3) discuss the potential drivers and implications of changing sediment yield for the Upper
Mekong basin in the context of climate change.

2.Study Area

Ming Yong Glacier is a valley glacier situated in Deqin County, Yunnan Province in Southwest China (Figure
1). Flowing from the east face of the Meili Snow Mountain Range, this glacial catchment was selected due
to its location on the south-eastern edge of the Tibetan Plateau that renders it particularly sensitive to
climate change. Being part of the Three Parallel Rivers of Yunnan – the upper reaches of Yangtze, Mekong,
and Salween – this area has received much attention from environmental conservationists due to its rich
biodiversity and diverse ecosystems. Ming Yong Glacier flows from the east face of the Meili Snow Mountain
Range into the Upper Mekong River (also known as the Lancang River).Thereafter, the Mekong continues its
journey into the riparian countries of Myanmar, Laos, Thailand, Cambodia, and Vietnam. The total length
of the Mekong is 4,350 km with a total drainage area of 795,000 km2.

The study area has a catchment area of 39.7 km2 with 27 km2 covered by glaciers (68%). The elevation of
the watershed ranges from 6684m at the Kawargarbo Peak to 2930m at the glacier terminus with an average
slope of 29% (Figure S1). The Ming Yong glacial icefall is covered by a layer of supraglacial moraine and
debris that is contributed by sediments from the steep valley sides (Figure 2b). From the glacial terminus
to the confluence with the Upper Mekong River, the Ming Yong River flows for about 6.1 km.. Due to
accessibility issues, water samples and discharge measurements were taken from a single sampling station
3.1 km from the glacial terminus at an elevation of 2342 m (Figure S1). Specifically, the sampling station is
located at 28°28’5.80”N, 98°46’58.57”E.

Ming Yong catchment is classified as a monsoon-influenced temperate oceanic climate – dry winter and a
warm, wet summer – under the Köppen-Geiger climate classification (Beck et al., 2018). At least 70% of
its average annual precipitation is received during the warmest months (Figure 2c-d). Due to the lack of
a weather station at Ming Yong, annual climate data was taken from the nearest weather station 13km
away at Deqin. The average annual temperature is 5.6°C and the average annual precipitation of 641mm.
Precipitation ranges from 6mm in December to 133mm in July. The average temperature is lowest at -2.2°C
in January and 12.7°C in July. Variation in annual temperature is approximately 14.9°C with its coldest
month in January (-2.2°C ) and warmest month in July 12.7°C.
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.

Figure 1 Location map of study area. Ming Yong glacial catchment from Google Earth (top), the Three-
Parallel-River region (the upper Yangtze, the Upper Mekong and the Upper Salween) (bottom left), and the
Meili Snow Mountain between the Upper Mekong River (Lancang River) and the Upper Salween River (Nu
River)
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.

Figure 2 Geomorphic and climatic characteristics. (a) field photo of Kawagarbo Peak. (b) field photo of
Ming Yong glacier icefall covered with layer of supraglacial moraine and debris. (c) Long term changes in
temperature and precipitation and (d) Monthly variations in temperature and precipitation near the study
site at Deqing.

3. Data and methods

3.1 Measurement of discharge

Ming Yong River itself does not have a stream gauging station, hence the discharge was manually measured
and calculated (Figure S2). Flow velocity and water depth were measured during each sampling event using
the float method (Figure S2a) and meter rule (Figure S2b) respectively. The cross-sectional area of the
channel was measured in February 2014, September 2015, November 2016, and April 2017 (Figure S2c)
because of danger when conducting measurements during the high-flow summer. To calculate the cross-
sectional area, the width of the river channel under bankful conditions was first measured using a tape
measure. The width was divided into 20 transacts and the height of the tape measure to the riverbed
was measured at each transact. The cross-sectional area was thus obtained by the sum of all transacts
(height*width of transact). Discharge was then calculated using the following formula:

Q = A*V

where Q is water discharge (in m3/s), A is the cross-sectional area of the river channel (in m2), and V is the
flow velocity (in m/s).

3.2 Water samples collection

Because a significant proportion of suspended sediment is transported during infrequent high flows (Mao et
al., 2019), the frequency of collection was higher during periods of high flow to capture the high transport
rates. Following the average monthly precipitation and temperature (Figure 2d), at least 5 samples were
collected during periods of high flows from April to September while at least 2 samples were collected during

5



P
os

te
d

on
A

u
th

or
ea

28
M

ar
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

84
74

33
.3

59
96

85
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. periods of low flows from October to March In total there were 158 sampling events from August 2013 to
July 2017 with a gap from September 2014 to August 2015 due to manpower and logistical constraints.

3.3 Measurement of suspended sediment concentration (SSC)

Except near the riverbed, mixing of suspended sediments streams is fairly homogenous throughout the cross-
section. Thus, collection of water samples was done at a turbulent section to allow vertical and horizontal
mixing of sediments. The sampling bottles were fully submerged and capped when fully filled. Three 500
ml water samples were collected per sampling event. Each bottle of water sample was filtered using 0.45 μm
pore size, 47 mm-diameter Whatman nylon membrane filters, and a Nalgene vacuum pump and filtration
unit. The filter papers were air-dried for three days in the field to remove moisture before being individually
stored in aluminium foil and resealable plastic bags. Then, suspended sediment mass was obtained in the
laboratory by weighing the dried samples. The average mass of suspended sediment per sampling event
(mg/500ml) was multiplied by 2 to obtain the average SSC in mg/L.

3.4 Sediment rating curves

Strong correlation is often observed between suspended sediment concentration and discharge in most
streams. Compared to large river systems that usually contain an abundance of materials, the suspended
load of small mountain streams usually depends on episodic events that transport fine materials from banks
and upland areas Thus, suspended sediment concentration depends on both supply of sediments and dis-
charge (Yaksich & Verhoff, 1983; Zhang et al., 2021). Nonetheless, suspended sediment concentration and
discharge can be plotted to create what is known as a sediment rating curve. One benefit of developing a
sediment rating curve is that it can be applied to interpolate missing data during the observation period
(Asselman, 2000). Here, the sediment rating curve is a power function expressed as:

SSC = a×Qb

where SSC is in mg/L, Q is the water discharge (in m3/s), and a and b are fitting coefficients.

When b > 1, the increase in sediment volume per 1 unit of flow volume can be nonlinear. Such situations
imply that more than half of the sediment load is carried by high flows that account for less than 15% of the
water volume or less than 5% of the period of measurement.

Another characteristic of suspended sediment concentration during high flow is their increased variability.
Both factors indicate that more sampling should take place during periods of high discharge. However, one
common limitation of suspended sediment data from small mountainous catchments is the lack of measure-
ments conducted during high flows. Storms make access difficult and measurements hazardous. Nevertheless,
high-resolution data collected during high flows are essential for the development of good sediment rating cur-
ves. Due to the infrequency of high flows and logistical problems, collecting adequate high flow measurements
cannot be achieved through hand sampling alone.

Suspended sediment rating curves were determined for Ming Yong glacial catchment using discharge and
suspended sediment concentration data between August 2013 and July 2017. The rating curves were fit
by nonlinear least-squares curve fitting using the Levenberg-Marquardt (L-M) algorithm produced in Origin
2021b. One of the major limitations of the sediment rating curve is the assumption that the rating coefficients
will remain constant (Zhang et al., 2021). As mentioned by Yaksich and Verhoff (1983), small mountainous
catchment often results in “event response” streams, which causes large scatter between sediment concentra-
tion and discharge and hence poorer relationships between suspended sediment concentration and discharge.
The low accuracy of the sediment rating curves may be attributed partly to hysteretic effects, where at a
given discharge, the sediment concentration on the rising and falling stage of the hydrograph differs (Khan-
choul & Jansson, 2008). Separate rating curves are needed for the rising and falling limbs to account for
seasonal variations so as to enhance the accuracy of the estimated suspended sediment concentration (Khan-
choul & Jansson, 2008). In this study, the hydrological year is defined as August to July, with the rising
stage (February-July) and falling stage (August-January in the next year).
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. 3.5 Estimation of sediment fluxes and sediment yields

Water discharge values were interpolated using a linear equation between the two closest sampling dates
to obtain the daily sediment load for days without measurements. Due to interannual variation in SSC
dynamics, rating curves derived using data from the falling and rising stages of the respective hydrological
years were used to calculate the daily sediment load. The sediment load (SL; tons/day) was calculated using
the following formula:

SL = Q×SSC

where Q is the water discharge (in m3/s) and SSC is the suspended sediment concentration (in mg/L). The
monthly sediment load was derived by summing estimated daily sediment load for the respective month.

Sediment yield is defined as the amount of sediment per unit area removed from a watershed for a specific
period of time. The sediment yield of a drainage basin, measured in tonnes/km2 per annum, is the resultant
effects of erosion, transportation and deposition occurring in the basin, and reflects the sediment delivery
ratio within. Here, the sediment yield was calculated by dividing the annual sediment load by the size of
Ming Yong catchment area.

4. Results

4.1 Suspended sediment concentrations and sediment rating curves

During the study period from August 2013 to July 2017 (Figure 3), the maximum discharge was 36.1 m3/s
recorded on 1 August 2014, while the minimum discharge was 2.1 m3/s on 10 Jan 2017. The highest SSC
(547.73 mg/L) was recorded on 1 August 2016, and the lowest SSC (0.2 mg/L) was recorded on 24 January
2017. Discharge-weighted mean SSC across the entire study period was 129.4 mg/L. Based on the hydrograph,
the rising limb was between February and July and the falling limb continues from August to January in
the next year. The discharge and suspended sediment data were characterized by distinct seasonal variations
(Figure 3). February accounts for the lowest monthly average discharge of 3.89 m3/s and January accounts
for the lowest monthly average SSC of 17.7 mg/L. Discharge begins to increase in March and reaches the
peak in July, with the average discharge in July of 31.85 m3/s and the highest average SSC of 261.8 mg/L.

Figure 3 Observations of discharge and suspended sediment concentration (SSC) during three hydrological
years. Observations of the discharge are represented by blue triangles and observations of SSC are represented
by orange dots.

The R2 value for the SSC-Q rating curve for the entire study period was relatively low at 0.40 (p < 0.05;
Figure 4a). The SSC-Q relation exhibited a large scatter for SSC for discharge values above 25 m3/s. Due
to the poor fit, the rating curve was fitted by hydrological years to analyze the differences between each
hydrological year (Figure 4b-d). The empirical relationship between SSC and discharge improved when the
data was divided by hydrological years (Figure 4b-d). In particular, the largest R2 value can be found in the
hydrological year of 2015 (R2=0.62). Scatter plots for 2015 and 2016 showed distinct power-law increases in
SSC for discharge above 20m3/s.

7
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. For discharge above 25m3/s (Figure 4b-d), which were recorded during ablation seasons, large scatters were
observed for all 3 hydrological years The data was further analyzed by considering its inter-annual seasonal
variations (Figure S3 and Table 1). Subsequently, the SSC-Q relationship improved when the data was
categorized into falling and rising stages throughout the study period. However, during the falling stage
from August 2013 to January 2014, there was still no significant correlation between discharge and SSC
(R2= 0.11). The coefficient of correlation was higher during the rising stage than the falling stage for all
hydrological years.

Figure 4 Suspended sediment concentration (SSC)-discharge (Q) rating curves, during (a) August 2013 to
July 2017; (b) August 2013 to July 2014; (c) August 2015 to July 2016; (d) August 2016 to July 2017. The
brown lines represent the sediment rating curves fitted by the corresponding SSC-Q scatter. The shaded
area indicates a 95% confidence interval.

Table 1 Sediment rating curves during the falling and rising stages at Ming Yong River

Year Sediment rating curve in the falling stage (Aug-Jan) R² Sediment rating curve in the rising stage (Feb-Jul) R²

2013 SSC=5.2474×Q0.8612 0.11 SSC= 4.9034×Q0.9942 0.54
2015 SSC=2.0104×Q1.3156 0.67 SSC=15.6770×Q0.8858 0.74
2016 SSC=0.0360×Q2.4087 0.57 SSC=1.4774×Q1.5286 0.75

4.2 SSC-Q hysteresis

Temporal analyses on discharge and suspended sediment concentrations was conducted to understand the
behaviour of the suspended sediment hysteresis loops. In this study, hysteresis loops were plotted based on
the average monthly Q values against SSC values to obtain the variability patterns (Figure 5). Hysteresis
loops for the 3 hydrological years were represented by clockwise hysteresis (Figure 5a-c), with a higher SSC-
value on the rising limb than that for the same discharge on the falling limb. For instance, at the discharge of
25 m3/s, SSC was higher during the rising stage as compared to the falling stage (110 mg/L versus 80 mg/L
in 2013, 288 mg/L versus 153 mg/L in 2015, and 220 mg/L versus 90 mg/L in 2016). The patterns across
the 3 hydrological years suggest the sediment availability is depleted by the end of the ablation season (the
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. beginning of the falling limb), resulting in clockwise hysteresis loops. For clarity, the clockwise hysteresis
loop for the entire 2016 is shown in Figure 5d.

Figure 5 Suspended sediment concentration (SSC)-discharge hysteresis loops for Ming Yong catchment across
three hydrological years and one calendar year. (a-c) Hysteresis in the hydrological year of 2013, 2015, and
2016, respectively; (d) Hysteresis in the calendar year of 2016. The staring month and ending month are
marked for each hysteresis loop.

Hysteresis loops provide information on the influence of different sources of runoff on suspended sediment
transport within proglacial rivers (Williams, 1989), by depicting the relationship between the transport
capacity of the river and its sediment supply (Zhang et al., 2021). For example, sediment that is stored
during periods of low discharge and transported when discharge increases results in the SSC-Q pattern in
the form of a loop rather than a straight line (Smith & Dragovich, 2009). The higher SSC during the rising
limb of the hydrograph compared to the falling limb may be explained by proximal sediment sources during
the rising limb, but insufficient sediment supply during the falling limb (Smith & Dragovich, 2009; Williams,
1989). For Ming Yong basin, the sediment are sourced from the large amounts of debris generated by the
glacial environment that are readily available for transport (Figure 2). However, during the falling stage,
the suspended sediment concentrations tends to be lower due to the unavailability of sediment sources and
the increase in base flow discharge from subsurface soils.

4.3 Temporal variations of water discharges and sediment yields

Both water discharge and suspended sediment flux in Ming Yong catchment are characterised byseasonal
variations (Figure 6). The monthly maximum sediment loads, all occurring in July, amounted to 12.5 kt
(2014), 30.3 kt (2016), and 25.1 kt (2017). Of the total annual sediment load, the majority (65% in 2013,
73% in 2015, and 78% in 2016) was highly concentrated in summer from June to August. In contrast, the
dry season month of February has the lowest monthly load at around 0.25% of the total annual load.

Concurrently, the monthly sediment load was significantly correlated with the monthly water discharge, with
the R2 value of 0.82. The high sediment load during periods of high discharge suggests the predominance
of supraglacial and subglacial sediment mobilization. However, more studies are still needed to differentiate
the transport of sediment load by meltwater or that by precipitation.

9
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. The water discharge for hydrological years 2013, 2015, and 2016 – 0.50 km3/year, 0.46 km3/year, and 0.53
km3/year, respectively –did not vary significantly, implying little variations in annual water discharge for the
Ming Yong catchment. However, annual sediment load variability was large, ranging from 44 kilotons (kt)
in 2013 to 91 kt in 2015, and 73 kt in 2016 (Figure 7). Together, the sediment yield for Ming Yong glacial
catchment was derived to be 1104 t/km2/year in 2013, 2281 t/km2/year in 2015, and 1833 t/km2/year in
2016.

. The high variation of annual suspended sediment yield might be induced by what is known as threshold
effect in sediment transport, with disproportionally high sediment delivery efficacy in excess of the critical
level (Lane & Nienow, 2019). Also, the type of substrate and subglacial deposits, rates of glacier movement,
characteristics of the glacier drainage system, and the basin topography can affect the interannual variability
of sediment yields (Herman et al., 2021). The competing effects of these confounding factors can be further
investigated in a future study.

5. Discussion

5.1 Dominant control of sediment fluxes: temperature or precipitation?

The seasonal variations in discharge and sediment load are jointly controlled by air temperature and summer
rainfall (Figure 7). At the Ming Yong Glacier, fractures in the ice form crevasses, providing pathways for
surface water to penetrate the glacier (Miles et al., 2020). In summer, elevated air temperatures increase the
surface melting and generate snow-glacier meltwater (Lau et al., 2010). The meltwater can flow from the
surface to base through glacier conduits (Eyles, 2006), leading to higher meltwater flow velocity and capacity.
As a result, there is an increase in meltwater erosion and sediment export (Delaney & Adhikari, 2020; Mao
& Carrillo, 2017). Concurrently, the intense rainfall in July from the Indian monsoon increases the rate of
exposed slope erosion and can trigger landslides and rock avalanches, leading to the observed high sediment
loads (Table S1) (Kirschbaum et al., 2020; Rosser, 2010). In other words, the discharge and suspended
sediment load peaks observed in July can be explained by higher sediment accessibility, mobilization, and
transport from the monsoon rainfall Conversely in winter, reduced snow/glacier melting and the decreased
rainfall causes the deformation of the glacial conduits. Furthermore, accumulated snow shield the underlying
crevasses (Carrillo & Mao, 2020; Gatesman, 2017), thereby weakening erosion and reducing the transport of
sediments into the proglacial stream.(Table S1).
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.

Figure 6 Monthly precipitation (P), temperature (T), water discharge (WD), sediment load (SL), and sus-
pended sediment concentration (SSC) in Ming Yong catchment. Figure 6a shows the monthly values while
Figure 6b shows the cumulative monthly values.

Figure 7 Annual sediment load (brown bars), water discharge (gray-blue bars), precipitation (blue line), and
temperature (red line) in Ming Yong catchment across the three hydrological years.

Our observations show that there are large interannual variations of suspended sediment flux among the three
hydrological years (2013, 2015, and 2016). The highest sediment yield occurred in 2015 (2283 t/km2/year)–
more than doubled the sediment yield in 2013 (1104 t/km2/year). These interannual variations seem to be
mainly driven by the differences in annual precipitation, rather than the mean annual temperature (Figure
6). Specifically, the highest annual precipitation was recorded in 2015, accompanied by a doubling of the
number of extreme precipitation days (defined as daily precipitation over 20 mm) in Deqin meteorological
station. During a wetter hydrological year, the overall increased rainfall can increase the sediment transport
capacity and evacuate more deposited sediments from supra/sub-glacial debris and glacier valleys, causing
a higher annual sediment yield (Delaney et al., 2018; Li 2020; Micheletti & Lane, 2016). Concurrently,
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. more frequent rainstorms enhance stream power and erosivity, thus increasing river channel erosion that
can (re-)mobilize deposited sediments. (Li et al. 2021; Lugon & Stoffel, 2010; Wulf et al., 2010). These
extreme sediment events contribute disproportionally to the annual sediment yield and amplify the temporal
variability in sediment transport (Lloyd et al., 2016; Wulf et al., 2012).

Simultaneously, temperature-sensitive glacier dynamics may also affect interannual variability in sediment
yield (Costa et al., 2018; Stott & Mount, 2007). For example, the rate of glacier bedrock erosion or sub-
glacial/proglacial sediment transport can be enhanced by the increased glacier melt flow due to higher
temperatures (Herman et al., 2021; Singh et al., 2020; Chakrapani & Saini, 2009; Stott & Mount, 2007).
However, the temperature variations detected within our study period pales in comparison to precipitation
changes. Therefore, in the absence of extreme melting events that could shadow the impact of precipita-
tion, we argue that the interannual variations in the sediment yield in Ming Yong catchment are largely
determined mostly by precipitation

5.2 Comparisons with other proglacial catchments

The sediment yield for Ming Yong glacial catchment is relatively high as compared to the those recorded
from other glacierized basins on the Tibetan Plateau (Figure 8). In the Tibetan Plateau, sediment yields
from glacierized basins generally decreases with increasing basin area (Figure 8a), but increases with larger
glacier coverage (Figure 8b), in line with what is observed at a global scale (Milliman & Farnsworth, 2011).
The high sediment yield of Ming Yong glacial catchment can be explained by its small but heavily glacierized
(68%) basin area and the short distance between the sampling station and glacier snout (Hallet et al., 1996;
Wulf et al., 2012). The observed inverse relationship between sediment load and basin area might be because
larger basins have poorer sediment delivery ratio – due to increased sediment storage and weakened sediment
connectivity (Walling, 1983; Wohl et al., 2019).

Furthermore, small glacierized basins generate disproportionally high sediment yield, because a high trans-
port efficacy can be sustained by short sediment transport distance, steep valley gradients or high stream
power of glacier melt flow (Gurnell et al., 1996; Wulf et al., 2012). In the Ming Yong glacial catchment, the
sampling station is only 3 km downstream of the glacier snout and the slope ranges from 9 to 71% (Figure
S1a). Apart from its physical setting, the relatively high precipitation in Ming Yong catchment (over 600
mm/year) also contributes to its high sediment mobilization and yield (Table 2). For example, the summer
rainfall can flush the supraglacial debris cover and proglacial sediment storage in large volumes downstream
(Riihimaki, 2005; Srivastava et al., 2014). Increased snowmelt and rainfall during the onset of the thaw
season can also increase water infiltration from surface to base and enhance the subglacial drainage system,
thereby facilitating the export of subglacial sediment (Alley et al., 1997; Delaney & Adhikari, 2020).

Figure 8 Sediment yields versus (a) catchment areas and (b) glacier coverage in percentage. The sediment
yields of brown dots are collected from previous publications. Brown stars represent the sediment yields
observed during three individual hydrological years and blue star represent the averaged sediment yield
during three hydrological years in the Ming Yong catchment (in this study).
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. Table 2 Locations and hydroclimatic characteristics of sediment yield observations from Tibetan Plateau
glacierized basins.

Basin Observation period Lat. (°N) Lon. (°E) Temperature () Precipitation (mm) Basin area (km2) Glacier coverage (%) Water Discharge (km3/y) Sediment Yield (t/km2/y) Source

MingYong 2013 28.47 98.78 6.6 526 39.7 68 0.5 1104 This study
MingYong 2015 28.47 98.78 6.4 722 39.7 68 0.5 2281
MingYong 2016 28.47 98.78 6.7 670 39.7 68 0.46 1833
Keqikar River 2018 41.81 80.17 0.6 456 110 65.5 0.53 890 Zhao et al. (2021)
Rongbu River 2018 27.98 86.92 3.9 266 280 41 0.075 200
Kalasu River 1960-2004 42 82 7.4 125 1114 5.92 0.0024 263
Pishan River 1960-2016 37.22 78.77 7.0 174 2227 4.1 0.959 403
Santun River 1960-2016 43.72 86.92 7.8 278 1636 2.5 0.0445 496
Manas River 1959-2007 44 85.77 6.0 200 5156 12 6.517 653
Bayingou River 1983-2008 44.02 84.98 4.5 291 1092 18.8 4.422 654
Yulongkashi River 1960-2010 37 79.03 -7.5 323 14575 20.2 0.331 782
Yerkang River 1960-2017 37.98 76.9 -4.7 234 50200 10.5 - 650 Li, et al. (2021)
Shule River 1960-2016 39.82 96.25 5.0 54 10961 4 0.233 304
Urumqi glacier No.1 catchment 2004-2008 43.1 86.82 -5.9 504 3.34 48 0.206 191 Li, et al. (2012)
Sutlej River 2001-2009 39.82 78 - - 48316 3.7 0.354 615 Wulf et al. (2012)
Hailuogou basin 2008, 2013 29.57 101.98 4.6 1881 178 45.3 2.254 1570 Li et al. (2019)

5.3 Implications for the Lower Mekong River

Our quantification of sediment fluxes from Ming Yong glacial catchment provides baseline measurements to
better understand changes in erosion rates within the context of wider climatic alterations (Li et al., 2021).
As the Ming Yong glacial region is part of the upper reach of the Mekong River and Salween River, our
study also provides insights into the contribution of sediment to the upper reaches of these transboundary
rivers under the fast pace of temperature increase (Figure 2c). For the Mekong Basin, better understanding
of sediment supply and delivery in its entire reach is needed for better management of its sediment fluxes.
One major issue is the potential impacts of Chinese dams in the Mekong River. Before Manwan Dam was
constructed in 1992, the upper Mekong reach in China provided around 80 million tons of sediment to the
lower reach (Lu and Siew, 2006; Wang et al., 2011; Lu et al., 2015). However, the high sediment supply
from the proglacial catchments in the headwater region cannot be transported downstream because of the
series of cascade dams constructed in the Upper Mekong River. According to Sun et al. (2022), the sediment
load below these cascade dams in Yunnan has dropped to around 10% of the pre-dam level. Subsequently,
the problem of sediment starvation due to the reservoirs trapping will get worse in future with more dams
being planned or built. Further down the Mekong Basin, this declining sediment flux, in combination with
regional sand-mining and water withdrawal for irrigations, has contributed to drastic water level reductions
in the Cambodian floodplains and Vietnamese delta (Lu and Chua, 2021; Chua et al., 2022).

6. Conclusions

The Ming Yong glacier catchment in the upper Mekong basin is characterized by distinct wet and dry
seasons, with discharge and suspended sediment concentrations (SSC) increasing from February to July and
decreasing from August to January. The yearly variations in sediment load for Ming Yong glacier are large
(44 kt in 2013 to 91 kt in 2015, and 73 kt in 2016), despite small variations in water discharge. More than 65%
of the annual sediment load is contributed between June and August. These observed seasonal variations
in the sediment load indicate the complex competing influences of the supply and storage of suspended
sediment load. Specifically, the clockwise hysteresis relationship suggest that sediment is stored during the
low flow season and transported when flow increased from February to July, with the exhaustion of sediment
supply after July. Even though discharge and SSC are generally positively correlated, seasonal variations
result in different sediment rating relationships due to the influence of glacial meltwater. Based on the in-situ
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. observations over three hydrological years, the sediment yields are estimated to be 1104 t/km2/year in 2013,
2283 t/km2/year in 2015, and 1833 t/km2/year in 2016.

This study provides baseline measurements for potential future monitoring of the glacial catchment in re-
sponse to climate change. Concurrently, the data fills the knowledge gap in sediment data for the headwaters
of the Mekong River. As this study was conducted in-situ, data was collected manually. For instance, the
collection of water samples for filtration or the measurements of water depth could introduce random errors.
Thus, the use of specific hydrology equipment in subsequent studies such as data loggers or turbidity meters
can increase the sampling frequency and accuracies of future sediment load estimates. Furthermore, instal-
lation of a nearby weather monitoring station can give more insight into the diurnal and seasonal ablation
patterns of the Ming Yong Glacier, allowing better attribution of the variation in its discharge or transport
capacity to climatic or other environmental factors.
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