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Abstract: Under global warming, the permafrost-underlain headwater catchments of the Tibetan
Plateau have undergone extensive permafrost degradation and changes in precipitation character-
istics, which may substantially alter the riverine suspended sediment and riverine solute fluxes.
However, these fluxes and their influencing factors in such catchments are poorly understood. We
studied the suspended sediment and solute fluxes in a permafrost-underlain headwater catchment
on the northeastern Tibetan Plateau, based on comprehensive measurements of various water types
in spring and summer in 2017. The daily flux of suspended sediment in spring was close to that in
summer, but heavy rainfall events following a relatively long dry period made the largest contribu-
tion to the suspended sediment fluxes in summer. The riverine solute flux (in tons) was 12.6% and
27.8% of the suspended sediment flux (in tons) in spring and summer, indicating the dominating
role of physical weathering in total material exportation. The snowmelt mobilized more suspended
sediment fluxes and fewer solutes fluxes than summer rain, which may be due to the meltwater
erosion and freeze–thaw processes in spring and the thicker thawed soil layer and better vegetation
coverage in summer, and the longer contact time between the soil pore water and the soil and rock
minerals after the thawing of frozen soil. The input of snowmelt driven by higher air temperatures in
spring and the direct input of rainfall in summer would both act to dilute the stream water; however,
the supra-permafrost water, with high solute contents, recharged the adjacent streamflow as frozen
soil seeps and thus moderated the decrease in the riverine solute content during heavy snowmelt or
rainfall events. With the permafrost degradation under future global warming, the solute fluxes in
permafrost-underlain headwater catchments may increase, but the suspended sediment flux in spring
may decrease due to the expansion of discontinuous permafrost areas and active layer thickness.

Keywords: Tibetan Plateau; permafrost thawing; snowmelt; suspended sediment; supra-permafrost
water; solute content

1. Introduction

Suspended sediment fluxes have been identified as the main form of fluvial sediment
transport, and they represent physical weathering fluxes. Solute fluxes are usually calcu-
lated as the sum of the ionic mass, and they represent chemical weathering fluxes [1–3].
Streamflow is the natural integrator of catchment physical and chemical weathering pro-
cesses, and in situ observations of riverine suspended sediments and solutes are the most
effective method for studying physical and chemical weathering in catchments [4–6]. Much
effort has been made to identify the seasonal variations of riverine suspended sediment and
solute fluxes and to determine the controlling factors [7–10]. Permafrost underlies ~23.9%
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of the Northern Hemisphere land surface, and the permafrost area on the Tibetan Plateau
alone is 133.1 × 104 km2 in the 2000s [11,12]. Under the global climate change of the last five
decades, the Tibetan Plateau has experienced a rapid temperature increase which is twice
that observed globally, and the study showed that the total degraded area is approximately
153.8 × 104 km2, accounting for 88% of the permafrost area in the 1960s; thus, the under-
standing of the temporal effects of permafrost degradation due to global warming is very
important [12–14]. The permafrost-underlain headwater catchments on the Tibetan Plateau
are characterized by showing different stages with distinctive freeze–thaw and snowmelt
occurring in spring and rain mostly in summer [15,16]. However, for logistical reasons and
given the harsh environment of the Tibetan Plateau, few systematic comparisons have been
made of the riverine suspended sediment and solute fluxes between different seasons (with
different hydrological processes) in the permafrost-underlain headwater catchments.

Freeze–thaw processes and meteorological factors (rainfall/snowfall ratio, snowmelt
intensity, and variations in air temperature) are recognized as important factors influencing
the suspended sediment and solute fluxes in permafrost-underlain catchments [17–19].
First, when the soil is frozen, riverine solutes are cryogenically stored in the frozen soil;
however, freeze–thaw processes in the soil will enhance soil erosion because the thawed
surface soil layer has poor resistance to erosion [2,20,21]. For example, along with annual
and intraday freeze–thaw processes, the surface soil layers freeze in autumn and winter
and thaw in spring and summer, and they may even freeze at night and thaw during the
day. Repeated freeze–thaw cycles and the resulting repeated soil expansion and contraction
would damage the original soil structure. Additionally, during the initial thawing of
frozen soil, surface runoff or shallow subsurface runoff are supplied by snow meltwater,
which may cause severe soil erosion at this time [22–24]. Moreover, floods caused by
heavy rainfall events can transport the suspended sediments (which are otherwise retained
in the catchment) to the stream channel, and the suspended sediment content (SSC) of
stream water during flood events may increase sharply [25–27]). Variations in permafrost
conditions and meteorological factors lead to distinct hydrological, hydrochemical, and
sedimentary regimes in different seasons.

The presence of permafrost can sever the connections between the surface water
system and the deep groundwater system to some extent, and the permafrost degradation
under global warming, with the associated deepening of flow pathways and the melting of
near-surface ground ice, will increase the fluxes of major ions in surface water [28–30]. The
increased exposure of soil material and increased availability of erodible materials due to
rapid permafrost changes may also lead to an increase in the riverine suspended sediment
flux [20,21,31]. Additionally, surface ponding water and in subsidence pits and frozen
soil seeps, caused by thermal perturbation of permafrost, are common in the lower valley
and riparian zones of permafrost-underlain catchments and can be the primary sources
of riverine solutes [20,32,33]. A trend of expansion of discontinuous permafrost areas
and active layer thickness on the Tibetan Plateau has been observed during the last few
decades, and such permafrost changes or permafrost collapse events may significantly alter
the catchment water chemistry [34–36]. Additionally, there is an increased frequency of
extreme precipitation events and earlier snowfall in spring, as demonstrated on the Tibetan
Plateau [15,16], as well as in other parts of the world [37,38]. It is unknown how changes in
both permafrost and precipitation conditions interact to affect riverine suspended sediment
and solute fluxes. Therefore, in situ observations of these fluxes, and the analysis of the
influencing factors, are needed to improve our understanding of how climate change
affects hydrochemical and sedimentary regimes in both permafrost-underlain and snow-
covered catchments.

Based on observations of streamflow discharge, suspended sediment, and solute
content, and the monitoring of meteorological factors in a permafrost-underlain headwater
catchment in spring and summer, the present study had the following objectives: (1) To
quantify riverine suspended sediment and solute fluxes and to identify the intraday and
seasonal variations; (2) to identify the processes generating and transporting riverine
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suspended sediment and solutes; and (3) to quantify the influences of various factors on
the catchment suspended sediment and solute fluxes, and to determine the most important
factors in spring and summer.

2. Methods and Materials
2.1. Site Description

The study area is in the Binggou catchment (30.5 km2) in Qinghai Province, China.
The Binggou catchment is a headwater of the Heihe River, with an average slope of 10◦,
and an average elevation of 3915 m (range of 3436–4395 m) (Figure 1). The region is part of
the continental climate zone. According to three-year observational data (January 2015–
December 2017) at the Yakou Automatic Weather Station (AWS) [39,40], the annual average
temperature is about −4.7 ◦C, with the minimum and maximum monthly temperatures
occurring in January and July, respectively. The average annual precipitation is ~405 mm,
with most of it (>84%) occurring during the period from May to September. Snowfall and
rainfall are the main forms of precipitation from November to the following mid-May and
from early June to September, respectively, and they alternate in the other months [41]. The
monthly average air temperature is >0 ◦C from June to September. Therefore, the spring
period and summer period were defined as the period from March to mid-May and from
early June to September, respectively, and snowmelt occurs in spring and rain mostly in
summer. The distribution of vegetation and soil in the Binggou catchment has a vertical
zonation, with alpine shrub meadow and brown blank felty soil distributed from 3400 m to
3700 m, alpine meadow and Mat-cryic Cambisols distributed from 3700 m to 4000 m, and
alpine desert and cryogenic Cambisols, along with massive exposed rocks and weathering
residue distributed above 4000 m [42].

Figure 1. Location and topography of the Binggou catchment with observing and sampling location.

The Binggou catchment is underlaid by discontinuous permafrost and continuous
permafrost. The distribution of discontinuous permafrost and continuous permafrost varies
with altitude: the lower limit of continuous permafrost is ~4000 m a.s.l. and discontinuous
permafrost is distributed from 3436 to 4000 m a.s.l. The initial thawing of surface soil
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occurs in mid-April at the altitude of 3450 m, and in mid-May at the altitude of 4147 m [41].
According to a field investigation of permafrost thickness in the headwaters of the Heihe
River (a catchment adjacent to the Binggou catchment), [43] showed that the permafrost
thickness was highly variable, decreasing from 111.4 m to 0 m with the altitudinal decrease
from 4132 m to 3649 m a.s.l. Supra-permafrost water is defined as the saturated water
above the permafrost table with the permafrost layer serving as an aquitard as the base,
and the level of the supra-permafrost water was high and even close to the ground surface
in the riparian zone [44], and, thus, the riparian soil water is supra-permafrost water [45].
Subsidence pits are widely distributed in the high elevation part of the Binggou catchment
and the size of the subsidence pits in the study area varied from <1 m2 to >10 m2, and the
surface ponding water level was usually from 10 to 30 cm, while the surface ponding water
level may vary greatly under meteorological and hydrological forcing. Frozen soil seeps
usually occur in the flat terrain at the base of steep hillslopes, and they recharge the surface
ponding water and stream water as surface runoff. Frozen soil seep occurs continuously
after the thawing of the surface soil layer under the recharge of precipitation input and
frozen soil meltwater. Shallow subsurface flow at depths of 30–60 cm was shown to be the
major flow pathway in permafrost-underlain hillslope [46].

2.2. Observation of Precipitation and Streamflow

The water level of runoff was recorded at the outlet of the Binggou catchment using a
Hobo water level logger (U20-001-04) in spring and summer. The discharge of the Binggou
catchment was calculated using a rating curve obtained using in situ current-velocity
measurements with a propeller-type current meter (LS1206B, Naiwch, Nanjing, China).
Both liquid and solid precipitation were measured using storage-type rain gauges (T200b,
Geonor, Oslo, Norway) at the Yakou meteorological station, at the altitude of 4150 m
(Figure 1).

2.3. Water Samples

In the spring and summer of 2017, precipitation, riparian soil water, hillslope sub-
surface flow at the depth of 30–60 cm, surface ponding water in subsidence pits, frozen
soil seeps, and stream water were sampled, and the sampling sites are shown in Figure 1.
Stream water samples were collected at the outlet of the Binggou catchment, and the sam-
ples of the other runoff components were collected in the neighboring Yakou catchment
because the headwater of the Binggou catchment is hard to reach. The study showed
that the runoff generated from the area above 3600 m—that is, the permafrost-underlain
area contributed the most streamflow discharge in this region, which can be attributed
to the high runoff ratio of the permafrost-underlain areas [47]. The sampling sites in the
Yakou catchment are representative of the conditions in the Binggou catchment due to
the proximity of the two catchments (landscape, soil type, topography), and the Yakou
catchment can be regarded as the higher elevation part of the Binggou catchment that
generated the most streamflow discharge.

The precipitation samples were collected from open, flat spaces without shelter or
external interference at the AWS (Figure 1). All precipitation samples were collected in
standard polyethylene (PE) bags (70 × 67 cm) for acid precipitation. The sample bags were
vacuumed before use to remove any external contaminants and to ensure that the precipita-
tion samples would not acquire any solutes from the standard PE bags. During persistent
precipitation events, the bag was folded into a round shape and placed in a plastic bucket
using rubber gloves. After the precipitation ceased, the bag was immediately retrieved and
the collected precipitation was poured into a water sample bottle. The snowfall samples
were melted at room temperature and stored in a refrigerator at 0 ◦C. Sixteen precipitation
samples were collected during the sampling period, including 3 snowfall samples collected
from 2 May to 3 May, and 13 rainfall samples collected from 23 July to 22 August.

Stream water samples were collected at the outlet of the Binggou catchment (as shown
in Figure 1) at the same time each day (17:00), with a sampling interval of 1 to 3 days.
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Additionally, during the periods from 10:00 on 1 May to 09:00 on 2 May, and from 07:00 on
21 July to 06:00 on 22 July, 24 h intensive sampling with a time interval of 1 h was conducted
at the outlet of the Binggou catchment. A total of 98 stream water samples were collected
from the Binggou catchment, including 50 samples collected at the fixed time of 17:00 from
16 April to 5 May, and from 14 July to 23 August; and 48 samples were collected during the
two 24 h intensive sampling from 1 May to 2 May and from 21 July to 22 July.

Riparian zone soil water samples were collected using a zero-tension soil lysimeter in
the riparian zone of the Yakou catchment at an altitude of 3900 m (Figure 1). A detailed
introduction to the construction of the zero-tension soil lysimeter and the sampling method
used to collect the riparian soil water samples can be found in Xiao et al. (2020a). A total of
9 riparian soil water samples were collected at depths of 20 cm, 50 cm, and 80 cm on 27 July,
3 August, and 8 August. The surface ponding water in subsidence pits and frozen soil
seeps was collected in the riparian zone of the Yakou catchment on 30 August and 24 July,
and during each sampling, three subsidence pits (average area of 2 m2 and average depth
of 40 cm) were selected to collect frozen soil seeps. Thus, a total of 6 surface ponding water
samples and 6 frozen soil seep samples were collected on 30 August and 24 July. Samples of
shallow subsurface flow at depths of 30–60 cm were collected from a standard runoff plot
which was located in a mid-slope position in the Yakou catchment. A detailed introduction
to the construction of the standard runoff plot and the sampling method used to obtain
shallow subsurface flow samples can be found in Xiao et al. (2020). In total, 19 shallow
subsurface flow samples were collected according to the runoff generation conditions,
mainly in summer from 23 July to 22 August.

2.4. Sample Analysis and Testing

Sterile rubber gloves were worn when collecting the water samples. All water samples
were stored in 30 mL HDPE bottles. To remove any contaminants, the water sample bottles
were rinsed in ultrapure water and then dried before use. The sample bottles were rinsed at
least three times using sample water at the time of collection. During sample collection, two
replicate water samples were collected, and all water samples were filtered using 0.45 µm
hydrophilic polyvinylidene fluoride (PVDF) membrane filters. One replicate water sample
was used for the measurement of anions, and the other was acidified by adding ultrapure
HNO3

− until the pH was less than 3 to preserve cationic mass and to prevent algal growth
and carbonate precipitation. Before analysis, water samples were stored and transported
at 0 ◦C. During each stream water sampling session, one 500 mL bottle was filled, and
the stream water was filtered through 0.45-µm filter paper (predried and weighed) for
SSC measurements.

The concentrations of major cations (Ca2+, K+, Na+, and Mg2+) were measured at the
Key Laboratory of Tibetan Environmental Change and Land Surface Processes, CAS, using
inductively coupled plasma-optical emission spectrometry (ICP-OES) (LEEMAN). The
concentrations of major anions (Cl−, NO3

−, and SO4
2−) were measured by ion chromatog-

raphy (IC 900) (Dionex, Sunnzvale, CA, USA) and the measurement error was within 5%.
The HCO3

− and CO3
2− concentrations of the water samples were calculated using the

cation–anion charge balance after measuring the total quantity within a sample. The total
dissolved solids (TDS) of the water samples were measured in situ using a portable water
quality monitor (HANNA, H198119). Additionally, continuous observations of specific
conductivity (SC) were made using a Hobo conductivity logger (U24-002) in spring and
summer, but no data are available in summer because the data logger was washed away
during a heavy flood event on 22 August.

2.5. Data Analysis

The flux of suspended sediment (kg/d or t/d) was determined by the measurement
of the SSC of stream water (kg/m3) and the discharge (m3/d). The flux of solutes (kg/d or
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t/d) was calculated using two methods: (1) by multiplying the TDS of stream water (mg/L
or kg/m3) by the discharge (L/d or m3/d); (2) by using the following equation:

TDS f = ∑ T/t
i=1(0.51SCi)Qit (1)

where TDS is the total dissolved solids flux, SCi is the in situ specific conductivity at the time
i (in µS/cm), Qi is the instantaneous streamflow discharge associated with SCi, and t is the
time interval of the SSC measurement (1 h in this study). The regression equation between
the in situ measured TDS and SC of stream water was TDS = 0.51 SC (R2 = 0.97, n = 98).
This equation was used in conjunction with the discharge to determine the solute flux.

Partial least squares path modeling (PLS-PM) was used to build a prediction model of
the dependent variable [48,49]. PLS-PM is the partial least-squares approach to structural
equation modeling and provides a framework for analyzing multiple relationships among
a set of blocks of variables (or data tables) [48]. An introduction to the PLS-PM can be
found in Xiao et al. (2020). The structural model proposed in this study consists of six
latent variables: precipitation, antecedent moisture conditions (AMC), air temperature (AT),
discharge, suspended sediment, and solutes. As shown by Xiao et al. (2020), the AMC index
can be defined as the cumulative precipitation within the previous 5 and 10 days (AP5 and
AP10), and, therefore, it can be used to further analyze the influences of antecedent snowfall
or rainfall on discharge, sediment, and solutes. Each latent variable is referenced by a single
manifest variable or by several manifest variables. For example, precipitation amount (mm),
streamflow discharge (m3/s), SSC (kg/m3), and TDS of stream water (mg/L) are associated
with precipitation, discharge, sediment, and solutes, respectively. The daily average,
maximum and minimum air temperature (◦C), and daily cumulative positive temperatures
above 0 ◦C (◦C) are associated with AT; and AP5 and AP10 (mm) are associated with the
AMC. The path diagram of the PLS-PM, including the manifest and latent variables, is
shown in Figure 2. P, SSC, AT, APT > 0 ◦C, and AP represent precipitation, suspended
sediment content, air temperature, cumulative positive temperatures above 0 ◦C, and the
antecedent precipitation, respectively. In the results of the PLS-PM, the influences among
the latent variables are represented by the combination of the estimated value and the
p-value [48,49]. The analysis of PLS-PM was completed using the “pls-pm” package in R.

Figure 2. The path diagram of partial least-squares path modeling includes manifest (rectangles) and
latent (ovals) variables.
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3. Results
3.1. Overall Hydrochemical Characteristics of Different Water Types

The mass concentrations of TDS and major ions found in the different water types
are presented in Table 1, and the major ionic order is presented in Figure 3. The Binggou
spring and summer stream water can both be ranked in terms of their major cations
(Ca2+ > Mg2+ > Na+ > K+) and major anions (SO4

2− > HCO3
− > NO3

− > Cl−) (Figure 3).
The hydrochemistry of the Binggou stream water is classed as Ca2+–Mg2+–SO4

2−–HCO3
−,

with Ca2+ dominating (contributing around 64% and 52% of total cations of the spring and
summer stream water, respectively), and with SO4

2− dominant among the total anions
(contributing around 51% and 64% of total anions, respectively) (Figure 3). The TDS of
the Binggou stream water ranges from 92.0 to 259.4 mg/L, with averages of 142.3 and
233.1 mg/L in spring and summer, respectively (Table 1). These values are respectively 2.2
and 3.6 times greater than the global median of 65 mg/L [50].

Table 1. Major ions, Si, and total dissolved solids (TDS) of the different water types (unit of major
ions, Si, and TDS: mg/L).

Water Types Values TDS Ca2+ Mg2+ K+ Na+ SiO2 Cl− NO3− SO42− HCO3−

Stream water

Spring stream water Average 142.3 24.4 5.8 1.4 4.2 1.2 4.7 2.4 46.5 47.0
SD 34.2 8.1 2.9 0.6 2.1 0.5 2.2 1.1 23.7 31.0

Summer stream water
Average 233.1 33.8 14.0 1.6 8.4 2.1 4.2 4.5 99.7 59.3

SD 20.9 6.8 1.9 0.3 1.4 0.2 0.9 0.5 9.4 24.6

Spring intensive 24 h sampling Average 123.9 20.7 4.6 1.2 3.0 1.1 3.9 2.3 38.3 39.0
SD 18.9 7.0 2.4 0.5 1.5 0.5 2.0 1.2 19.3 28.0

Summer intensive 24 h
sampling

Average 251.0 33.7 15.2 1.6 9.1 2.0 4.9 4.5 105.3 58.8
SD 3.8 6.2 0.4 0.1 0.7 0.1 0.4 0.4 5.1 21.4

Precipitation

Snowfall
Average 19.5 1.7 0.3 0.3 0.7 0.1 7.3 1.0 8.2 0.0

SD 3.4 0.3 0.1 0.0 0.4 0.0 3.6 0.5 4.7 0.0

Rainfall
Average 8.1 1.2 0.2 0.5 0.5 0.1 1.0 1.6 1.4 1.7

SD 4.4 0.7 0.1 0.4 0.4 0.0 0.6 1.5 0.6 1.3
Runoff components

20 cm riparian soil water Average 400.7 47.8 37.6 0.2 2.4 5.2 1.4 0.5 96.1 214.8
SD 46.8 1.5 8.5 0.1 0.4 0.5 0.2 0.1 50.5 32.6

50 cm riparian soil water Average 535.9 50.7 60.6 1.3 3.5 8.4 3.3 1.9 172.4 242.2
SD 71.3 9.1 3.5 0.2 0.2 1.5 0.6 1.8 56.1 112.6

80 cm riparian soil water Average 573.5 34.6 73.5 2.6 12.9 14.7 4.5 0.5 214.6 230.5
SD 103.8 11.1 13.0 0.4 12.8 8.3 1.6 0.1 105.5 193.5

30-60 cm subsurface flow
Average 162.6 20.0 13.7 0.6 2.0 7.3 1.2 1.0 30.7 93.4

SD 26.5 5.0 1.6 0.3 1.2 0.5 0.7 1.5 8.7 24.1

Surface ponding water Average 276.8 36.3 24.5 0.9 2.4 2.5 4.5 0.9 94.0 113.3
SD 170.0 19.6 18.2 0.5 1.0 1.5 1.7 0.7 64.3 72.0

Frozen soil seeps Average 476.4 68.9 42.2 1.0 3.3 4.1 10.4 2.0 232.3 116.4
SD 245.0 37.4 23.5 0.8 1.3 1.2 3.7 1.5 155.1 44.3

The major cationic concentrations in snowfall and rainfall are ordered as Ca2+ > Na+ >
Mg2+ > K+, with Ca2+, Na+, and Mg2+ comprising 52%, 21%, and 18% of the total solutes in
snowfall, respectively, and comprising 55%, 20%, and 13% of the total solutes in rainfall,
respectively (Figure 3). The concentrations of major anions in snowfall are ordered as
Cl− > SO4

2− > NO3
− > HCO3

−; Cl− and SO4
2− are dominant, together contributing ~96%

of total anions. The major anionic concentrations in rainfall are similar: SO4
2−, HCO3

−,
Cl−, and NO3

− comprised around 27%, 26%, 24%, and 23% of total anions, respectively;
thus, the hydrochemistry of the Yakou precipitation is classed as Ca2+–Na+–Cl−–SO4

2−

(Figure 3). Generally, the mass concentrations of TDS and most of the major ions were
much higher in the spring precipitation than in the summer precipitation. For example, the
average mass concentration of TDS was 19.5 mg/L, which was 2.4 times the value of the
summer precipitation (8.1 mg/L; Table 1). The different mass concentrations of TDS and
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major ions in the spring precipitation (snowfall) and summer precipitation (rainfall) may
be caused by different water vapor sources [51,52].

Figure 3. Piper diagram of major ions of different water types.

The subsurface waters (riparian soil water and hillslope shallow subsurface flow), sur-
face ponding water, and frozen soil seeps show the following order of major cation concen-
trations: Mg2+ > Ca2+ > Na+ > K+, with Mg2+ and Ca2+ contributing more than 80% of the
total (Figure 3). The anionic concentrations are ordered as HCO3

− > SO4
2− > NO3

− > Cl−,
or SO4

2− > HCO3
− > NO3

− > Cl−, with SO4
2− and HCO3

− contributing more than 85% of
total anions (Figure 3). Therefore, the hydrochemical category of the subsurface waters,
surface ponding water, and frozen soil seeps are Mg2+–Ca2+–HCO3

−–SO4
2−, or Mg2+–

Ca2+–SO4
2−–HCO3

−. Except for the hillslope shallow subsurface flow, the TDS and Ca2+,
Mg2+, SO4

2−, and HCO3
− concentrations were higher for these water types than the stream

water and much higher than in the precipitation (Table 1). For example, the average
TDS of the subsurface waters ranged from 400.7 to 573.6 mg/L, which is higher than the
142.3 mg/L of spring stream water and the 233.1 mg/L of summer stream water. The
average values of the major ion contents of riparian soil water (i.e., supra-permafrost water)
at 20 cm, 50 cm, and 80 cm depth were high, with the average Ca2+, Mg2+, and SO4

2−

concentrations having the respective ranges of 34.6–50.7, 37.6–73.5, and 96.1–214.6 mg/L
(Table 1). The high mass concentrations of TDS and major ions in the riparian soil water are
related to the dissolution of soil minerals and enrichment via evaporation during the long
residence times.

The mass concentrations of TDS and major ions in the frozen soil seeps were higher
than the surface ponding water and close to the riparian soil water—that is, the supra-
permafrost water (Table 1). For example, the average TDS values of the frozen soil seeps,
surface ponding water, and riparian soil water were 476.4, 276.8, and 503.4 mg/L, respec-
tively. This can be attributed to the runoff generation processes of the alpine meadow
hillslope with underlying permafrost—that is, the hillslope subsurface flow at the depths
of 30–60 cm would be transformed to surface runoff in the riparian zone before supplying
the streamflow. The shallow subsurface flow may pressurize supra-permafrost water, with
high ion concentrations, to the ground surface in the riparian zone as frozen soil seeps, and
then recharge the adjacent surface waters such as surface ponding water and stream water.
The surface ponding water was also directly recharged and diluted by the precipitation
input, and, thus, the surface ponding water had lower ion concentrations than the frozen
soil seeps and the riparian soil water.
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3.2. Temporal Variations of Streamflow Discharge, Suspended Sediment, and Solutes

The Binggou streamflow showed a gradual increase in discharge in spring, reaching
maximum discharge at the beginning of May (Figure 4b). In summer, the discharge
increased briefly at the beginning of July, gradually decreased until the middle of August,
and then reached a peak at the end of August (Figure 4b). The diurnal cycle and the
gradual increase in the spring streamflow were driven by the higher air temperature and
thus increased snowmelt intensity, and the two relatively large increases in streamflow
at the beginning of July and the end of August were driven by the heavy rainfall. The
discharge increased greatly at the end of April, but there was no substantial decrease in the
TDS of the Binggou spring stream water at the same time (Figure 4).

Figure 4. Time series of air temperature and precipitation at the automatic weather station (a),
streamflow discharge and suspended sediment content at the outlet of the Binggou catchment (b),
and total dissolved solids (TDS) of different water types (c).

The time series of the SSC of the Binggou stream water shows that the variation
and flux of suspended sediment were higher in spring than in summer (Figure 4b).
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The SSC of the stream water was high at the beginning of the spring sampling period
(12.8 and 11.2 kg/m3 on 17 and 18 April, respectively), after which the SSC values were low
(~1.0 kg/m3) during the low streamflow period. The high SSC values on 17 and 18 April
may be related to the high air temperature on these two days and the large antecedent
snowfall amount, these factors led to heavy snowmelt erosion on these two days. The
average air temperature on 17 and 18 April was 1.8 ◦C and 4.4 ◦C, respectively, which is
higher than the average air temperature (−1.2 ◦C) during the spring observation period
from 17 April to 5 May. Moreover, the snowfall amount for the antecedent 10 days (from
7 April to 16 April) was more than 10 mm. The SSC of the stream water was relatively high
on 25 April, 30 April, and 1 May (5.2, 4.9, and 2.4 kg/m3, respectively), and the correspond-
ing discharges were relatively high (0.4, 1.2, and 2.1 m3/s, respectively). Generally, the SSC
of the summer stream water was less than 1 kg/m3 and even less than 0.1 kg/m3 during
most of the summer period, and substantially lower than the values of the spring stream
water. However, the SSC for 18 August was 17.7 kg/m3, which was even higher than the
highest SSC in spring (12.8 kg/m3 on 17 April).

To analyze the intraday variation of streamflow discharge, suspended sediment, and
solute contents, intensive 24 h sampling with 1 h intervals was carried out at the outlet of
the Binggou catchment from 1 May to 2 May of the spring period, and from 21 July to 22 July
of the summer period (Figure 5). From 10:00 on 1 May to 9:00 on 2 May, the streamflow
discharge gradually increased from 0.26 m3/s at 10:00, reached a peak of 1.75 m3/s at 19:00
on 1 May, and then gradually decreased to 0.25 m3/s at 2:00 on 2 May, before maintaining a
low value of ~0.2 m3/s from 02:00 to 09:00 on 2 May. The intraday variations of streamflow
discharge were driven by the variations of the air temperature and the resulting snowmelt
intensity—that is, the air temperature remained above 0 ◦C from 12:00 to 19:00 on 1 May
and reached a peak of 5.9 ◦C at 14:00. The SSC showed very similar intraday variations to
the streamflow discharge—that is, the SSC gradually increased from 0.48 kg/m3 at 10:00
to 2.97 kg/m3 at 16:00, gradually decreased to 0.97 kg/m3 at 19:00 on 1 May, and then
maintained low values of <1.0 kg/m3 from 20:00 on 1 May to 09:00 on 2 May (Figure 5e).
These observations show that the increases in the SSC were always consistent with the
increases in streamflow discharge, and that the peak in SSC occurred three hours earlier
than the peak streamflow discharge. An obvious temporal disconnection between the
SSC peak and the discharge peak of the rivers on the Tibetan Plateau has been observed,
which is described as a hysteresis effect [53–55]. The low SSC during the period of high
streamflow discharge (Figure 5e) may have been caused by the exhaustion of the catchment
sediment supply [26,56].

Compared to the intensive 24 h sampling in spring, the streamflow discharge and
SSC during the intensive 24 h sampling from 21 July to 22 July were low and showed less
temporal variability, with the average streamflow discharge and SSC of 0.39 m3/s and
0.06 kg/m3, respectively. These values are lower than the average values during the period
from 1 May to 2 May (0.57 m3/s and 0.63 kg/m3, respectively). This was mainly due to the
lower rainfall during the period from 21 July to 22 July, and the increases in streamflow
discharge and SSC were mainly driven by heavy rainfall events in summer.

The TDS and major ion concentrations in the stream water during the intensive 24 h
sampling showed higher temporal variability during the period from 1 May to 2 May
than during the period from 21 July to 22 July (Table 1 and Figure 5). Except for Ca2+ and
SO4

2− in the stream water, the other major ions and TDS remained almost unchanged and
the stream water hydrochemistry exhibited chemostatic behavior during the period from
21 July to 22 July. For example, the mean values of Mg2+, K+, Na+, Cl−, and SO4

2− during
the summer intensive 24 h sampling were 15.2, 1.6, 9.1, 4.9, and 105.3 mg/L, respectively,
while the standard deviations were 0.4, 0.1, 0.7, 0.4, and 5.1, respectively, and the mean
values were substantially higher than during the spring intensive sampling (4.6, 1.2, 3.0,
3.9, and 38.3 mg/L, respectively), while the standard deviations were substantially lower
than during the spring intensive sampling (2.4, 0.5, 1.5, 2.0, and 19.3 mg/L, respectively)
(Table 1). However, the solute contents of the stream water did not show large decreases
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during the spring intensive 24 h sampling, as indicated by the less variable values of
TDS, Na+, and Cl− during the rising stage of the streamflow discharge from 10:00 to 19:00
on 1 May (Figure 5). These observations indicate that the spring stream water may be
recharged by multiple source water types.

Figure 5. The variation of air temperature and precipitation (a,f), streamflow discharge (b–e,g–j),
suspended sediment content (e,j), total dissolved solids (TDS) (d,i), and major ions content (b–d,g–i)
at the outlet of the Binggou catchment during spring (left panels) and summer (right panels) intensive
24 h sampling.

3.3. Results of the PLS-PM

Because the hydrochemical and sedimentary regimes of the stream water changed
from spring to summer, with different concentrations and temporal variations in different
seasons (Figures 4 and 5), PLS-PM was conducted separately for spring and summer to
analyze the correlations among different variables. The results of the PLS-PM for spring
and summer are shown separately in Figure 6.
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Figure 6. Results of partial least-squares path modeling for the periods (a) from 18 April to 5 May (the
spring period) and (b) from 14 July to 23 August (the summer period). The numbers and asterisks
adjacent to the arrows represent estimated values and the significance of the correlation, and the
blue/red arrows represent positive/negative correlations. Significant (p < 0.05) and highly significant
(p < 0.01) correlations are represented by asterisks (*) and double-asterisks (**), respectively, and the
GOF represents the overall goodness of fit of the PLS-PM.

In spring, the AMC and the precipitation showed highly significant (p < 0.01) influences
on discharge, with the AMC having the higher estimated value (0.80 and 0.41 for the AMC
and precipitation, respectively) (Figure 6a). This indicates that both the event precipitation
and AMC (i.e., the snowpack) were important factors for generating streamflow during this
period, but that the AMC was more important than the event snowfall. The air temperature
showed a highly significant (p < 0.01) influence on the sediment, with a high estimated
value of 0.73, showing that the increase in riverine suspended sediment was driven by
strong snowmelt events as the air temperature increased. The precipitation showed a
nonsignificant (p > 0.05) negative correlation with the solute, with a low estimated value
(−0.25), while the air temperature had a relatively strong and significant (p < 0.05) negative
correlation with the sediment with an intermediate estimated value (−0.42), indicating
that the input of snowfall diluted the riverine solute contents. However, the AMC showed
a significant (p < 0.05) and strong positive correlation with the solute, with a moderate
estimated value (0.46)—that is, higher antecedent snowfall during this period resulted in
higher riverine solute contents. This may be due to the higher supra-permafrost water level
under the recharge of precipitation infiltration, with resulting increases in water and solute
fluxes from the supra-permafrost water to the adjacent stream water as frozen soil seeps.

Figure 6b shows the results of the PLS-PM for summer. The AMC had a highly
significant (p < 0.01) influence on the discharge, with an estimated value of 0.42, and the
precipitation had a significant (p < 0.05) influence on the discharge, with an estimated
value of 0.25. This also indicates that the event and antecedent precipitation was the most
important factor in the generation of streamflow in summer, and that the AMC was a more
important factor than event precipitation during this period. The air temperature showed a
significant influence (p < 0.05) on the discharge via its influence on catchment evaporation.
Precipitation had a nonsignificant (p > 0.05) positive influence on the SSC, with an estimated
value of 0.23, showing that only the heavy precipitation events facilitated soil erosion and
increased the riverine suspended sediment. However, no latent variables were found to
significantly influence the suspended sediments during this period. Precipitation showed
a significant (p < 0.05) negative influence on the solute, with an intermediate estimated
value (−0.37), and the AMC showed a nonsignificant (p > 0.05) negative influence on the
solute with a low estimated value (−0.27). These results show that the increase in the event
precipitation and antecedent precipitation had a negative influence on riverine solutes
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during this period, and that rainfall input diluted the riverine solute contents. The air
temperature showed a nonsignificant (p > 0.05) positive influence on the solute, with a low
estimated value (0.15), which may be due to the air temperature increasing the contact time
between the water flow and the soil or bedrock by increasing the depth of the freezing
front, which was driven by higher air temperatures.

4. Discussion
4.1. Catchment Suspended Sediment and Solute Fluxes

Time series data were used to determine the suspended sediment and solute fluxes
(Table 2). The results showed that the daily mean flux of suspended sediment in spring
was close to that in summer (46.9 t/d and 41.2 t/d in spring and summer, respectively).
However, the Binggou catchment experiences relatively high riverine sediment flux during
summer heavy rainfall after a relatively long dry interval, which contributed to most of
the suspended sediment flux during this period. For example, the SSC of stream water
was 17.7 kg/m3 on 18 August (Figure 4b), which may have been caused by the heavy
precipitation event on August 18 which followed a relatively long rain-free period (from
2 August to 17 August). The heavy precipitation would have resulted in the transport of a
large quantity of readily available sediment to the stream channel since a large amount of
sediment would have accumulated during the relatively long rain-free period. Moreover,
in this mountainous region, catastrophic events such as debris flows and landslides often
occur during heavy rainfall events, and the soil mantle may move downward as a whole
above the bedrock surface. This may be mainly due to the relatively well-developed
subsurface runoff above the bedrock or the frozen front, with thawed frozen soil providing
ideal conditions for the development of subsurface runoff and the movement of the soil
mantle [57–59]. The anomalously high sediment flux on 18 August contributed more than
68% of the total suspended sediment flux in summer, which causes a large reduction of
the daily mean flux of suspended sediment, from 41.2 t/d to 13.5 t/d, if the suspended
sediment flux on 18 August is excluded from the calculation. Therefore, the suspended
sediment flux was more concentrated in summer than in spring.

Table 2. Fluxes of discharge, suspended sediment, and solute in the Binggou stream water from
18 April to 5 May (the spring period) and from 14 July to 23 August (the summer period).

Time Days Value Type Discharge Sediment Flux Solute Flux a Solute Flux b

Spring period (18 April
to 5 May) 18

Daily mean 3.9 × 104 m3 46.9 ton 6.2 ton 5.9 ton

Sum 69.9 × 104 m3 892.4 ton 112.4 ton 105.5 ton

Summer period (14 July
to 23 August) 32

Daily mean 5.3 × 104 m3 41.2 ton 11.4 ton —

Sum 169.3 × 104 m3 1319 ton 366.3 ton —
a was calculated by the daily data of TDS, which was measured by the portable water quality monitor. b was
calculated by the specific conductivity data with a 1 h interval and transferred to TDS, which was measured by
the Hobo conductivity logger.

The higher daily mean flux of riverine suspended sediment in spring than in summer
may be linked to snowmelt and freeze–thaw processes. Spring is the period of soil thawing
and snow melting on the Tibetan Plateau, and the soil affected by freeze–thaw processes is
susceptible to erosion; at the same time, the vegetation cover is poor and provides little
protection against erosion at this time [20]. Therefore, the soil erosion driven by meltwater
is severe and the SSC in stream water is relatively high in spring (Figures 4b and 5e). The
SSC in stream water can be very high during heavy snowmelt events, reaching values of
12.8 and 11.2 kg/m3 on 17 and 18 April, respectively (Figure 4b). The heavy slope erosion
generated by concentrated meltwater caused the high SSC values on 17 and 18 April,
when the high antecedent snowfall provided a large source for meltwater and the strong
meltwater event was then driven by the high air temperature (Figure 6a). However, plant
growth conditions (the above-ground biomass and plant height) were better improved in
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summer than in spring, and the stream water generally had much lower SSC than in spring
(Figure 4b) because the vegetation cover effectively reduced the soil erosion. Additionally,
the low SSC during the low flow period indicates supply-limited conditions and the limited
connectivity of slope sediment to the channel network in summer [2,60,61].

It has been shown that riverine solute fluxes were low during winter and spring in
alpine regions because chemical reactions are inhibited by the low air and soil temperatures,
and the mass is cryogenically stored [2,62,63]. In this study, the riverine solute flux—the
amount of material generated through chemical weathering processes—showed distinct
seasonal differences from spring to summer, with the riverine solute flux being much higher
in summer than in spring (the daily mean values calculated by the daily data of TDS in
spring and summer were 6.2 t/d and 11.4 t/d, respectively (Table 2)). This is reasonable
because the TDS values of the summer stream water were generally higher than the values
of the spring stream water (Figures 4 and 5). Moreover, the riverine solute flux calculated
by the daily TDS data (measured by the in situ TDS data) was close to the TDS calculated
by the SC data (measured by the Hobo conductivity logger at a 1 h interval) (Table 2), with
respective riverine solute fluxes of 112.4 t and 105.5 t over 18 days in spring. This shows
that the calculation of riverine solute flux using the daily data was acceptable. Overall, the
daily mean riverine solute flux in spring was 54.4% (6.2 t/d, calculated from the in situ
TDS data) and 51.8% (5.9 t/d, calculated from the SC data) of the riverine solute flux in
summer (11.4 t/d, calculated from the in situ TDS data).

Studies showed that suspended sediment usually represents the major proportion
of the weathering flux in stream water, while a high level of physical weathering in the
catchment always promotes chemical weathering [50,64]. In this study, the total riverine
solute flux (in tons) was 12.6% (calculated from the in situ TDS data) and 11.8% (calculated
from the SC data) of the total suspended sediment flux (in tons) in spring, with the ratio of
27.8% for summer (calculated from the in situ TDS data) (Table 2). This indicates that the
flux of suspended sediment (the fluxes generated by physical weathering) dominated the
total material exported from the Binggou catchment (bed sediments were not considered).
Additionally, the lower riverine solute contents in spring than in summer (Figures 4 and 5)
make it difficult to calculate the annual riverine solute flux based solely on samples collected
in spring or summer, as this may underestimate or overestimate the year-round material
flux [2]. The solute fluxes of the Binggou catchment were 74.2, 136.4, and 105.3 t km−1 a−1,
calculated from the daily spring data, daily summer data, and the average daily spring
and summer data, respectively. The solute fluxes calculated from the average spring and
summer data are much higher than the global average (24 t km−1 a−1) [50], which may
be due to the strong physical and chemical weathering within the permafrost-underlain
headwater catchment.

4.2. Processes Responsible for the Generation and Transport of Catchment Runoff, Suspended
Sediment, and Solute

For this permafrost-underlain headwater catchment, our data reveal an obvious change
in the processes responsible for the generation and transport of runoff, suspended sediment,
and solutes from spring to summer. Schematic diagrams illustrating the hydrological,
hydrochemical, and sedimentary regimes of the Binggou catchment are shown in Figure 7.

Two main points can be made, as follows. (1) For the spring period, which has
a thin thawed soil layer, the generation of streamflow and the transport of suspended
sediment and solutes were mainly controlled by snowmelt and freeze–thaw processes. As
indicated by our previous studies, which focused on hillslope runoff generation processes
in this permafrost region [46,65], frozen soil acts as an impermeable layer, causing the
transformation of snowmelt water to hillslope runoff or streamflow, with a relatively
high runoff ratio. Therefore, the streamflow discharge always increased abruptly during
heavy snowmelt events (Figure 4), and as discussed above, the SSC of stream water would
increase substantially during such events due to the intensive meltwater erosion (Figure 7a).
Additionally, increases in the air temperature showed a nonsignificant (p > 0.05) positive



Water 2022, 14, 2782 15 of 21

influence on the streamflow discharge (Figure 6), which suggests that a high air temperature
may increase the streamflow discharge, although enough sources of meltwater—that is, the
AMC and event precipitation were more important for generating streamflow in spring. It
has been shown that snowfall will reduce relative to rainfall and snow-depth would show
continuous decreases due to the increases in air temperature [15,16]. Thus, global warming
may reduce the peak of streamflow discharge generated by a concentrated snowmelt event
during the late spring period (i.e., late April and early May).

Figure 7. Schematic figures illustrating the generation and transport processes of runoff (Q), sus-
pended sediment (SSC), and solute (SC) of the Binggou catchment during the spring period (left
panels) and the summer period (right panels) under heavy snowmelt events (a), dry conditions (b),
heavy snowfall events (c), and heavy rainfall events (d). Note that the conceptual diagrams partly
refer to the conceptual diagram shown in [46,65], and arrow sizes approximate the magnitudes of the
water flow.

During heavy snowfall events, the SSC, streamflow discharge, and solute contents may
decrease because of the low air temperature and, thus, low snowmelt intensity (Figure 7c).
The type of precipitation is directly determined by the near-surface air temperature, and
heavy snowfall events are always accompanied by substantial cooling which reduces the
snowmelt intensity [66–68]. Therefore, the streamflow discharge and SSC may have been
low due to the absence of heavy snowmelt input and meltwater erosion. For example,
there was a relatively large amount of precipitation (5 mm) during the period from 20:00
on 1 May to 09:00 on 2 May, but the streamflow discharge decreased from 1.2 m3/s at 20:00
on 1 May to less than 0.2 m3/s during the interval from 02:00 to 09:00 on 2 May, while the
SSC decreased from 0.6 kg/m3 to less than 0.1 kg/m3 (Figure 5e). This was mainly due to
the low air temperature, which was only −4.3 ◦C on average during this period, and, thus,
the snowmelt almost ceased and cryogenically stored in the catchment, thus less meltwater
and sediment were transported to the stream channel. Moreover, although the snowmelt
intensity was low or even zero during the heavy snowfall after 22:00 on 1 May, the direct
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input of snowfall into the stream channel would have diluted the solute content of the
stream water to some degree [69,70].

The results of the PLS-PM showed that the AMC had a significant (p < 0.05) and
strong positive influence on the solute concentrations (Figure 6a), which may indicate that
the streamflow was supplemented by water with high solute contents (frozen soil seeps
and surface ponding water) (Table 1). The supra-permafrost water was maintained by
the underlying permafrost and the input of precipitation, which could rise to the ground
surface with continuous precipitation [46]. When the snowmelt intensity was high, the
hillslope runoff may have pressurized supra-permafrost water becoming frozen soil seeps
at the riparian zone, and then contributing to the adjacent surface waters such as surface
ponding water and stream water, which led to a major contribution of water with a high
solute content to the stream water, buffering the snowmelt input, which had a low solute
content (Figure 7a). Therefore, the TDS and major ion concentrations of the stream water
did not decrease substantially when the streamflow discharge showed abrupt increases
(Figures 4 and 5).

(2) For the summer period, when the active layer thickness was greater and evapotran-
spiration was greater in spring, the Binggou catchment showed a deeper flow pathway, less
soil erosion, and buffered hydrochemical regimes of the stream water (Figure 7b,d). First,
as indicated by [46,65], with the thawing of the frozen soil layers, the shallow subsurface
flow was the major flow pathway in summer. The TDS and major ion concentrations of the
stream water were higher in summer than in spring (Figures 4 and 5), which was linked to
the longer contact time between the soil pore water and soil and rock minerals [36,46]. This
was supported by the major ion contents of riparian soil water at different soil layers, as the
major ion contents of riparian soil water showed an increasing trend with increasing soil
depth, and the reasons can be attributed to soil leaching, self-purification, and desalination
effects during freezing, together with the high mobility of elements associated with the
transport of organic matter [36,71,72]. Therefore, the sources and the factors controlling the
solute contents in the Binggou stream water shifted from spring to summer. Furthermore,
under the dry conditions of the summer period, the streamflow discharge was low and
relatively uniform because the streamflow was maintained by subsurface flow and strong
evapotranspiration (Figure 7b), and the solute contents were more concentrated than in
spring (Figure 7a,c) and the heavy rainfall events of the summer period (Figure 7d). Second,
the surface ponding water level and supra-permafrost water level may have declined con-
tinuously because of the strong evapotranspiration and the greater active layer thickness in
summer, and, thus, the water and solute fluxes from supra-permafrost water to the stream
water were relatively weak during the dry conditions (Figure 7b), and the stream water
may have been diluted by the input of heavy rainfall with an intermediate solute content
(Figure 7d).

The SSC of stream water was generally lower in summer than in spring, which can be
attributed to the improved growth conditions of the alpine meadow vegetation, and the
thicker active layer in summer. The SSC of the stream water would have been very high
during heavy rainfall events after a relatively long rainless period (Figure 4b). Additionally,
the results of the PLS-PM showed that no latent variables had significant influences on the
sediments in summer (Figure 6). The low SSC of the stream water and the low correlation
between the influencing factors and the sediments during SPR can be partly attributed
to the sampling method used for the stream water samples—that is, the stream water
samples were collected at a fixed time with an interval of 1–3 days. First, the SSC showed
a diurnal cycle and was driven by the increased air temperature and snowmelt intensity
in spring, and the sampling time of 17:00 would have resulted in the collection of stream
water samples with a relatively high SSC. Second, because of the unique atmospheric
circulation system of mountain areas—including the combination of relatively moist air
and abrupt radiative cooling at sunset in the late afternoon [73], and nocturnal ridge-
to-valley convection before sunrise [74,75]—the diurnal precipitation distribution was
uneven, and more precipitation occurred at night. Thus, sampling at a fixed time may not
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always have resulted in the collection of stream water samples with a high SSC in summer.
Therefore, the fixed-time sampling in spring was more representative than that in summer,
and the continuous observation of SSC using turbidity meters and high-frequency sampling
during heavy rainfall events is needed in subsequent studies, to provide more detailed data
on the temporal variation of SSC and to better reveal the influences of hydrometeorological
factors on the sedimentary regimes.

In this study, we systematically summarized the generation and transport processes
of runoff, suspended sediment, and solutes under different conditions in a permafrost-
underlain headwater catchment (Figure 7). Our findings demonstrated that with the
permafrost degradation under future global warming, the solute fluxes in permafrost-
underlain headwater catchments may increase due to the deepening of the active layer
thickness and the expansion of discontinuous permafrost areas, but the suspended sediment
flux in spring may decrease due to the earlier initial thawing of frozen soil and snowmelt
stage. Therefore, our findings supported the previous literature, which demonstrated that
with the earlier snowfall in spring and permafrost degradation against the background of
global warming increases, soil erosion would reduce along with the deepening of the major
flow pathway and weakening of the snowmelt erosion intensity, and the solute content of
stream water increased as the result of the interaction between water flow and soil and
bedrock [24,30,35]. Our results emphasize the important influence of specific landscape
units (e.g., surface ponding water and frozen soil seeps) and the underlying permafrost and
soil freeze–thaw processes on the catchment hydrological, hydrochemical, and sedimentary
regimes. The insights obtained are potentially widely applicable because the landscapes of
the Binggou catchment (e.g., alpine meadow, subsidence pits, and the riparian saturated
zone) are widely distributed on the Tibetan Plateau and in other permafrost-underlain
headwater catchments. Thus, our findings may contribute to improving the parameteriza-
tion of process-based models and the accurate prediction of the future runoff, suspended
sediment, and solute fluxes in permafrost-underlain headwater catchments.

5. Conclusions

The suspended sediment and solute fluxes in spring and summer and the factors
influencing them were investigated in a permafrost-underlain headwater catchment. Time
series of the SSC of the Binggou stream water showed that the variations and fluxes of
SSC were higher in spring than in summer. Although the daily mean flux of suspended
sediment in spring was close to that in summer (46.9 t/d and 41.2 t/d, respectively), heavy
rainfall events following a relatively long dry period resulted in the largest sediment yields
in summer. The high sediment flux on 18 August made the largest contribution (68%) to
the total suspended sediment flux in summer. Freeze–thaw processes in spring promoted
meltwater erosion in summer, and the thicker thawed soil layer combined with the denser
vegetation coverage in summer could effectively reduce soil erosion. The daily mean fluxes
of solute contents were 6.2 t/d (calculated from the in situ TDS data) and 5.9 t/d (calculated
from the SC data) in spring, and that in summer was 11.4 t/d (calculated from the in situ
TDS data). The greater riverine solute fluxes in summer than in spring were linked to the
long interval of soil pore water interactions with soil and rock minerals after the thawing
of frozen soil. Suspended sediment flux dominated the total material exported from the
Binggou catchment, with the total riverine solute flux (in tons, calculated from the in situ
TDS data) being 12.6% and 27.8% of the total suspended sediment flux (in tons) in spring
and summer, respectively.

The results of the PLS-PM showed that the streamflow discharge was controlled by
precipitation and AMC in spring and summer, and antecedent precipitation played a more
important role in generating streamflow than event precipitation and air temperature. Air
temperature and precipitation showed strong and direct negative influences on the solute
content of the stream water in spring and summer, respectively. This indicates that the
solute content of the stream water was diluted mainly by the input of precipitation, and
that the increases in the air temperature may have increased the snowmelt intensity, which
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led to a decrease in the solute concentrations. The AMC had a strong positive influence
on the solute contents of stream water in spring, which may be due to the high level of
supra-permafrost water under the wetter AMC. The hillslope runoff may have pressurized
the supra-permafrost water with a high solute content to become the frozen soil seeps,
causing it to contribute to the adjacent streamflow and buffer the snowfall input, which
had a low solute content. The riverine suspended sediment and solute fluxes in permafrost-
underlain headwater catchments show complex seasonal variations and influencing factors,
and further efforts are needed to obtain continuous measurements of runoff, suspended
sediment, and solute contents using automatic monitors on a longer timescale, which
will enable the analysis of the seasonal and interannual variations of riverine suspended
sediment and solute fluxes.
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