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Abstract: Glacier meltwater is an indispensable water supply for billions of people living in the
catchments of major Asian rivers. However, the role of glaciers on river runoff regulation is seldom
investigated due to the lack of annual glacier mass balance observation. In this study, we employed
an albedo-based model with a daily land surface albedo dataset to derive the annual glacier mass
balance over the Tuotuo River Basin (TRB). During 2000–2022, an annual glacier mass balance range
of −0.89 ± 0.08 to 0.11 ± 0.11 m w.e. was estimated. By comparing with river runoff records from
the hydrometric station, the contribution of glacier mass change to river runoff was calculated to be
0.00–31.14% for the studied period, with a mean value of 9.97%. Moreover, we found that the mean
contribution in drought years is 20.07%, which is approximately five times that in wet years (4.30%)
and twice that in average years (9.49%). Therefore, our results verify that mountain glaciers act as a
significant buffer against drought in the TRB, at least during the 2000–2022 period.

Keywords: annual glacier mass balance; river runoff; albedo-based model; Tuotuo River Basin;
Tibetan Plateau

1. Introduction

The Tibetan Plateau (TP), which is the largest modern glacierized area except for the
polar regions (Arctic and Antarctic), is the source region of some major Asian rivers, such
as the Yangtze River, Yellow River, and Indus River [1,2]. During recent decades, most
glaciers in this plateau experienced terminus retreat, area reduction, and surface thinning
due to the quick and continuous rise of the regional air temperature [3–7]. In general, the
increasing rate of air temperature in the TP is approximately twice that of the global average
air temperature [7]. A decadal mean glacier mass loss of more than −15 Gt per year has
been estimated for the plateau since 2000 by comparing glacier surface topographic data in
different years [3,4,6]. Moreover, an accelerating rate of glacier mass loss has been detected
over several glacierized regions in the interior TP (e.g., the Geladandong Mountain [8]
and the Puruogangri ice field [9]), as well as some glaciers in the southeast TP [10] and
the Pamir Mountains [11]. Glacier meltwater caused by negative mass change has been
reported to be a significant water supply for the runoff of some major Asian rivers during
recent decades [3,12]. For all the river basins in the TP and its surroundings, the largest
amount of glacier meltwater (5.1 Gt per year) was detected for the Brahmaputra River
between 2000 and 2016 [3]. Until now, most of the existing glacier mass balance estimates
are simply averaged values of the specific mass change over a time frame of several years
to several decades. Little is known about the influence of glaciers on river runoff regulation
because of the paucity of observations or estimates of annual glacier mass balance in the TP.

Field measurement is a traditional and effective method for obtaining annual glacier
mass balance at the spatial scale of an individual glacier. However, fieldwork in the
glacierized regions of the TP is seriously hampered by severe weather conditions (e.g., cold
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and windy) and high altitudes. To date, in situ observations of the annual glacier mass
balance have been conducted for no more than twenty glaciers in the TP [2,13]. Considering
the capability of global coverage and short revisit time (several days to several weeks),
satellite remote sensing is a promising technique for extracting the basin-wide annual
glacier mass balance. Monthly observations of global gravity have been conducted by
satellite gravity missions since 2002. Due to the low spatial resolution (~300 km) of satellite
gravity data, it is challenging to distinguish glacier mass balance from the water storage
changes in soil, lakes, and other sources [14,15]. With the generation of highly accurate
and high spatial-resolution digital elevation models from satellite photogrammetry and
SAR interferometry, glacier surface elevation changes with a time interval of about one
year have been precisely measured by comparing two sets of glacier surface topographic
data from adjacent years [16,17]. The conversion from these observed surface elevation
changes to annual glacier mass balance is still very difficult due to limitations in reasonable
conversion factors and the accurate correction of systematic biases (e.g., seasonal variation
and radar signal penetration depth) [9,18].

Satellite multispectral and hyperspectral remote sensing images have proven to be
valuable data sources for extracting land surface albedo, which is an essential parameter
of surface radiation or energy balance [19,20]. For glacierized regions, the absorbed solar
radiation, which can result in mass loss by heating glacial materials, is mainly affected
by surface albedo, which is the ratio of reflected solar radiation to incoming solar radia-
tion [21,22]. A strong linearly positive correlation has been detected between glacier surface
albedo and the field-measured glacier mass balance over several glaciers in the Alps and
the TP [23–26]. By employing satellite surface albedo data and in situ observations of
glacier mass balance, Zhang et al. [26] established a linear albedo-based model for the
Dongkemadi Glacier. Moreover, this albedo-based model has been successfully applied
to estimate the annual glacier mass balance time series for other glacierized regions in the
interior TP [26].

In this study, we aim to extract the annual glacier mass balances for the whole glacier-
ized regions in the Tuotuo River Basin (TRB) and, consequently, quantitatively assess the
influence of basin-wide glacier mass change on river runoff. The annual glacier mass
balances were obtained by employing the linear albedo-based model proposed by Zhang
et al. [26] and the glacier surface albedo data acquired from satellite hyperspectral remote
sensing images. River runoff data were extracted from the records of the Tuotuohe hydro-
metric station. According to the simplest form of the water balance equation, river runoff is
also directly affected by the two climatic factors of precipitation and evaporation. Here, the
impact of regional climatic variation on river runoff was discussed using the precipitation
and evaporation collected from climate reanalysis datasets.

2. Study Area

The TRB, located in the middle-eastern portion of the Tibetan Plateau, is a sub-basin
of the source region of the Yangtze River (Figure 1). The area of the TRB is approximately
15,920 km2. Glaciers in the TRB generally belong to the continental or cold type [27]
because the climate setting of the TRB is dominated by continental climatic conditions [7].
According to the second Chinese glacier inventory [28], the number of glaciers is 98 for
the TRB. The GLIMS (Global Land Ice Measurements from Space) identifier of the largest
glacier in the TRB is G091104E33504N, with an area of approximately 54 km2 [28]. As
demonstrated in Figure 1, most of these glaciers are distributed at the northern slope of
the Tanggula Mountain Range, especially in the surrounding regions of the Geladandong
Mountain. Considering the spatial distribution of the glacierized regions, three study sites
(A, B, and C) were selected to estimate the annual glacier mass balance of the TRB.
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Figure 1. The geographic location of the Tuotuo River Basin (Olivine Yellow) and the three study
sites (A, B, and C). Glacier boundaries were obtained from the second Chinese glacier inventory. The
location of the Tuotuohe hydrometric station is indicated as a red five-pointed star.

As illustrated in Figure 1, there are some tributaries that flow into the Tuotuo River.
The two largest tributaries of this river are Xierigongniqu and Zhamuqu, and both of them
are located in the northern part of the TRB. It is noteworthy that the Tuotuo River originates
in the Geladandong Mountain (Figure 1), indicating that glacier meltwater is an important
supply for this river. The largest lake, located in the southeastern part of the TRB, is named
Quemo Co, with an area of approximately 100 km2 in 2021 [29]. The Tuotuohe hydrometric
station (Figure 1) was built downstream of the Tuotuo River in June 1958. River runoff has
been observed by this hydrometric station for more than 60 years. During recent decades, a
significantly increasing trend has been detected for the runoff of the Tuotuo River [30,31].

3. Data and Method
3.1. Annual Minimum Regional-Average Surface Albedo Extraction

The amount of glacier mass loss caused by snow or ice melting is affected by surface
albedo because snow and ice can be heated by the absorbed solar radiation [21,22]. Further-
more, the annual minimum regional-average surface albedo (AMRSA) has been found to
be correlated with the glacier mass balance for the same year [23–26]. The regional-average
glacier surface albedo for a day in the melt season is significantly smaller than that for a
day in the accumulation season because ice albedo is much less than snow albedo [32,33].
Here, the Moderate Resolution Imaging Spectroradiometer (MODIS) land surface albedo
products in were collected the months of June, July, August, and September to estimate the
AMRSAs in 2000–2022 for the three study sites in the TRB.

The MODIS is an essential instrument of the Earth Observation System operated by the
National Aeronautics and Space Administration (NASA). Until now, two MODIS sensors
have been launched with the satellites Terra on 18 December 1999, and Aqua on 4 May
2002. The spectral resolution of the MODIS sensor includes 36 bands ranging from 0.415 to
14.235 µm. The spatial resolution of the acquired MODIS data is determined by the spectral
band (250 m for bands 1–2, 500 m for bands 3–7, and 1000 m for bands 8–36). For the
complement in orbit of the two flying satellites and the viewing swath width of 2330 km,
the Earth’s surface can be almost completely observed by the two MODIS sensors every day.
In recent years, NASA released some MODIS level-2 or level-3 products of the daily land
surface albedo. Here, we used the level-3 daily black-sky snow surface albedo products
of the MOD10A1 and MYD10A1 to estimate the regional-average glacier surface albedo
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for the three study sites. The MODIS level-3 albedo products we used are characterized by
cloud-free coverage, with a spatial resolution of 500 m [34].

The pixel value of the downloaded MODIS level-3 daily surface albedo products is
an integer type, ranging from 0 to 100 (%) [35]. Therefore, the surface albedo of every
pixel was separately calculated by dividing the pixel’s value by 100. The other data
preprocesses, such as map reprojection and spatial sub-setting, were conducted using the
MODIS Reprojection Tool. In order to alleviate data gaps in the used MODIS data, the
MOD10A1 and MYD10A1 surface albedo data acquired on the same day were merged
into one image [26]. The regional-average glacier surface albedo was calculated with the
merged image for every day. It is noteworthy that we only used the MOD10A1 surface
albedo products during 2000–2021. The MYD10A1 surface albedo data were not available
for these two years because the Aqua satellite was launched on May 4, 2002. The regional-
average glacier surface albedo was calculated with the glacial pixels for the three study
sites. The boundaries of the glacierized regions were obtained from the second Chinese
glacier inventory [28].

For a certain year, when the regional-average glacier surface albedo was estimated
for all the days between June 1 and September 30, a mean filter in time with a 10-day
moving window was used for noise suppression [26]. The AMRSA for this year was thus
estimated as the minimum value of the filtered daily regional-average glacier surface albedo
time series.

3.2. Annual Glacier Mass Balance Estimation and Error Analysis

According to the relationship between the AMRSA and the field-measured mass
balance over the Dongkemadi Glacier, an albedo-based model was established using a
simple linear regression method by Zhang et al. [26].

AMB = AMRSA × m − n, (1)

Here, AMB represents the annual glacier mass balance for the same year as the ex-
tracted AMRSA. The parameters of m (4.385) and n (−2.339) are the slope and intercept of
the created regression line, respectively.

The above linear equation has been verified to be an effective model for estimating
the annual glacier mass balance over the interior regions of the Tibetan Plateau [26]. In
this study, this linear albedo-based model was employed to estimate the annual glacier
mass balance time series for 2000–2022 with the extracted AMRSAs for the three study sites
separately. For all the glacierized regions in the TRB, the annual glacier mass balance for a
certain year was calculated as the area-weighted mean value of the modeled results over
the three study sites.

The uncertainty of the estimated annual glacier mass balance was assessed by employ-
ing the standard law of error propagation. Therefore, the error of the annual glacier mass
balance estimate in a certain year can be calculated with the following equation.

σAMB =
√
(σAMRSA×m)2+(AMRSA×σm)2 + σ2

n (2)

where σm and σn are the errors of the two parameters of the liner albedo-based model. As
suggested by Zhang et al. [26], σm is ±0.231 and σn is ±0.099. σAMRSA, which is the error of
the extracted AMRSA, mainly originates from the errors of the MODIS daily snow surface
albedo products used. In this study, the AMRSA’s error was estimated by dividing the error
of the snow albedo data by the root mean square of the number of glacier pixels [24,36].

For the estimated annual glacier mass balance for the entire glacierized regions in the
TRB, its error (σAMBTRB ) was also assessed with the standard law of error propagation.

σAMBTRB =

√
(σAMBA × SA

STRB
)2 + (σAMBB ×

SB

STRB
)2+(σAMBC × SC

STRB
)2 (3)
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where σAMBA , σAMBB , and σAMBC are the errors in the estimated annual glacier mass
balances for study sites A, B, and C, respectively. STRB is the total area of the glacierized
regions of the three study sites. SA is the glacier area of study site A, SB is the glacier area
of study site B, and SC is the glacier area of study site C.

3.3. Annual River Runoff Calculation

The runoff of the Tuotuo River has been recorded by the Tuotuohe hydrometric station
since June 1958. In the early decades of establishing this hydrometric station, river runoff
was observed for all the months of every year. However, from 1986 to now, river runoff has
only been recorded by this hydrometric station between May and October. This means the
data gap of river runoff exists in the other six months of January, February, March, April,
November, and December.

In this study, the observed runoff datasets of the Tuotuo River between 1970 and 2022
were collected from the Qinghai Provincial Hydrology and Water Resources Measurement
and Reporting Center. In order to quantitatively analyze the influence of annual glacier
mass change on river runoff in 2000–2022, annual river runoffs for this time period need
to be estimated first. Considering no available runoff record for six months in the years
1986–2022, the intra-annual variation of river runoff was analyzed by using the runoff
records in 1970–1985 to fill these data gaps. As listed in Table 1, more than 95% of annual
river runoff occurs between May and October for most years between 1970 and 1985.
Moreover, the average value of the ratio of runoff between May and October to annual
runoff during this period was calculated to be 0.956. Here, the annual runoff for the years
1986–2022 was thus estimated by dividing the observed total river runoff between May and
October by this coefficient (0.956).

Table 1. Comparison between annual river runoffs and those between May and October for the years
between 1970 and 1985.

Year May-October (Gt) Annual (Gt) Percentage (%)

1970 0.63 0.65 97.07
1971 1.08 1.13 96.14
1972 1.03 1.06 97.00
1973 0.42 0.45 93.75
1974 1.05 1.08 96.82
1975 0.61 0.64 95.22
1976 0.42 0.44 95.13
1977 0.87 0.90 96.41
1978 0.39 0.44 89.96
1979 0.26 0.28 92.41
1980 0.51 0.53 95.30
1981 1.01 1.03 97.55
1982 0.90 0.93 96.69
1983 0.48 0.50 97.03
1984 0.41 0.43 95.54
1985 0.73 0.75 97.21

3.4. Annual Basin-Wide Precipitation and Evaporation Calculation

According to the simplest form of the water balance equation, runoff is directly affected
by the two climatic factors of precipitation and evaporation.

Rff = Prep − Evap + ∆V (4)

where Rff is runoff, Prep is precipitation, Evap is evaporation, and ∆V is the water storage
variation of soil, glaciers, lakes, groundwater, and so on.

In order to quantitatively assess the effect of regional climate on river runoff, the
records of precipitation and evaporation between 1970 and 2022 were collected from fifth-
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generation ECMWF reanalysis datasets (ERA5). Here, the specific version of the reanalysis
climatic datasets used is the ERA5 monthly averaged data on single levels from 1940 to
the present. The temporal and horizontal resolutions of these ERA5 climatic datasets are
monthly and 0.25◦, respectively [37]. The file format of our downloaded ERA5 datasets is
NetCDF (Network Common Data Form). For a particular month, the basin-wide average
precipitation or evaporation of the TRB (unit mm) was calculated with the pixels of more
than half of their areas located in the TRB. Moreover, the basin-wide total precipitation
or evaporation (unit Gt) was calculated by multiplying the basin-wide average value and
the TRB’s area together. Finally, when monthly basin-wide precipitation or evaporation
was completely calculated for all the months between 1970 and 2022, annual precipitation
or evaporation was estimated as a sum of the calculated values for the twelve months
(from January to December) each year. Note that the absolute value of the downloaded
evaporation data was used in this study because the ERA5 original data are negative.

4. Results
4.1. Temporal and Spatial Variation of the AMRSAs

The extracted AMRSAs of the three study sites in the TRB between 2000 and 2022
are illustrated in Figure 2. Overall, a pronounced decreasing trend was detected for the
AMRSAs of all three study sites during the studied time period. For 2000–2012, the mean
values of the AMRSAs were 0.45, 0.48, and 0.50 for study sites A, B, and C, respectively
(Table 2). However, the time-averaged AMRSAs dropped to 0.37, 0.40, and 0.42 for the
three study sites between 2013 and 2022. Moreover, as illustrated in Table 2 and Figure 2,
the maximum value of the AMRSAs was 0.57 during the period of 2000–2012 (for study site
C in 2008), whereas it decreased to 0.50 between 2013 and 2022 (for study site B in 2017).
Similarly, the minimum value of the AMRSAs (0.35) in 2000–2012 (for study site A in 2006)
is relatively larger than that (0.30) in 2013–2022 (for study site B in 2016). The temporal
variations of the AMRSAs were quantitatively analyzed using the linear regression analysis
method. A decreasing trend of approximately −0.05 per decade (p < 0.05) was estimated
for the three study sites in 2000–2022.

Figure 2. The extracted annual minimum regional-average surface albedo time series for the three
study sites in the TRB between 2000 and 2022. The red vertical dashed line indicates the year 2012.
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Table 2. The mean, maximum, and minimum values of the extracted annual minimum regional-
average surface albedo in 2000–2012 and 2013–2022 for the three study sites.

Time Period Study Site A Study Site B Study Site C

2000–2012
Mean value 0.45 0.48 0.50

Maximum value 0.55 0.55 0.57
Minimum value 0.35 0.37 0.37

2013–2022
Mean value 0.37 0.40 0.42

Maximum value 0.43 0.50 0.47
Minimum value 0.31 0.30 0.34

The spatial difference in the extracted AMRSAs in the TRB is characterized by the
fact that the AMRSA of study site A is generally smaller than those of study sites B and C
(Figure 2). For example, in 2013, the AMRSA of study site A was 0.31, which is obviously
smaller than those of study sites B (0.36) and C (0.38). For the periods of 2000–2012 and
2013–2022, the mean values of the AMRSAs for study site A (0.45 and 0.37) are clearly
smaller than those for study sites B (0.48 and 0.40) and C (0.50 and 0.42). Furthermore,
the decreasing trend of the AMRSAs between 2000 and 2022 for study site A (−0.054 per
decade, p < 0.05) is slightly more serious than those for study site B (−0.048 per decade,
p < 0.05) and study site C (−0.050 per decade, p < 0.05). It is noteworthy that the AMRSA’s
decreasing trend from 2000 to 2022 for study site C (−0.050 per decade) is slightly more
severe than that for study site B (−0.048 per decade), although both the AMRSA’s mean
values for 2000–2012 and 2013–2022 at study site C are relatively larger than those at study
site B (Table 2).

4.2. Annual Glacier Mass Balances

The modeled annual glacier mass balance time series between 2000 and 2022 are listed
in Table 3. A pronounced glacier mass loss has been estimated for most years during the
study period across the three study sites. Study site A especially experienced glacier mass
losses for almost all the years during the period of 2000–2022. A slight glacier mass gain
of 0.05 ± 0.16 m w.e. was only detected in 2008 at this study site. For the other two study
sites, slight glacier mass gains were extracted in the years 2003 (0.01 ± 0.16 m w.e.), 2005
(0.02 ± 0.16 m w.e.), 2008 (0.09 ± 0.16 m w.e.), and 2011 (0.07 ± 0.16 m w.e.) at study site B
and in the years 2004 (0.03 ± 0.16 m w.e.), 2005 (0.11 ± 0.16 m w.e.), 2008 (0.14 ± 0.16 m
w.e.), and 2011 (0.08 ± 0.16 m w.e.) at study site C. Overall, glacier mass gains have only
been estimated for several years between 2000 and 2012. As listed in Table 3, the three
study sites experienced an apparent glacier mass loss for all the years between 2013 and
2022 (ranging from −0.16 ± 0.15 to −1.02 ± 0.12 m w.e.). Consequently, the estimated
annual glacier mass balances clearly reveal accelerated glacier mass loss for all three study
sites from 2000 to 2022.

For all the glacierized regions of the TRB, a slight glacier mass gain was only ob-
tained in the three years of 2005 (0.03 ± 0.10 m w.e.), 2008 (0.11 ± 0.11 m w.e.), and 2011
(0.01 ± 0.10 m w.e.). An obvious glacier mass loss was observed for most years between
2000 and 2022 (Table 3). The most substantial glacier mass loss of −0.89 ± 0.08 m w.e.
was detected for the year 2016. A discrepancy in glacier mass balance was also found
for the periods of 2000–2012 and 2013–2022. The mean value of annual glacier mass bal-
ances for 2013–2022 was −0.57 ± 0.09 m w.e., approximately three times that of 2000–2012
(−0.21 ± 0.10 m w.e.). By applying the linear regression analysis method, an accelerating
trend in annual glacier mass loss of −0.22 m w.e. per decade (p < 0.05) was calculated for
the whole set of glaciers in the TRB in 2000–2022. Moreover, accelerated glacier mass losses
of −0.24 m w.e. per decade (p < 0.05), −0.21 m w.e. per decade (p < 0.05), and −0.22 m w.e.
per decade (p < 0.05) were found in 2000–2022 for study sites A, B, and C, respectively.
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Table 3. The modeled annual glacier mass balances (m w.e.) for the three study sites and the whole
glacierized regions of the Tuotuo River Basin (TRB) between 2000 and 2022.

Year Study Site A Study Site B Study Site C TRB

2000 −0.46 ± 0.14 −0.56 ± 0.14 −0.39 ± 0.14 −0.45 ± 0.09
2001 −0.45 ± 0.14 −0.13 ± 0.15 −0.25 ± 0.15 −0.26 ± 0.10
2002 −0.29 ± 0.15 −0.27 ± 0.15 −0.19 ± 0.15 −0.23 ± 0.10
2003 −0.24 ± 0.15 0.01 ± 0.16 −0.01 ± 0.16 −0.05 ± 0.10
2004 −0.32 ± 0.15 −0.04 ± 0.16 0.03 ± 0.16 −0.05 ± 0.10
2005 −0.19 ± 0.15 0.02 ± 0.16 0.11 ± 0.16 0.03 ± 0.10
2006 −0.79 ± 0.13 −0.73 ± 0.13 −0.71 ± 0.13 −0.73 ± 0.08
2007 −0.27 ± 0.15 −0.28 ± 0.15 −0.11 ± 0.15 −0.18 ± 0.10
2008 0.05 ± 0.16 0.09 ± 0.16 0.14 ± 0.16 0.11 ± 0.11
2009 −0.33 ± 0.15 −0.31 ± 0.15 −0.09 ± 0.15 −0.19 ± 0.10
2010 −0.77 ± 0.13 −0.69 ± 0.13 −0.50 ± 0.14 −0.60 ± 0.09
2011 −0.27 ± 0.15 0.07 ± 0.16 0.08 ± 0.16 0.01 ± 0.10
2012 −0.33 ± 0.15 −0.21 ± 0.15 −0.17 ± 0.15 −0.21 ± 0.10
2013 −0.99 ± 0.12 −0.74 ± 0.13 −0.68 ± 0.13 −0.75 ± 0.08
2014 −0.65 ± 0.13 −0.40 ± 0.14 −0.32 ± 0.15 −0.40 ± 0.09
2015 −0.58 ± 0.14 −0.56 ± 0.14 −0.36 ± 0.14 −0.45 ± 0.09
2016 −0.83 ± 0.13 −1.02 ± 0.12 −0.85 ± 0.13 −0.89 ± 0.08
2017 −0.62 ± 0.14 −0.16 ± 0.15 −0.26 ± 0.15 −0.30 ± 0.10
2018 −0.76 ± 0.13 −0.53 ± 0.14 −0.57 ± 0.14 −0.59 ± 0.09
2019 −0.86 ± 0.13 −0.45 ± 0.14 −0.42 ± 0.14 −0.51 ± 0.09
2020 −0.75 ± 0.13 −0.52 ± 0.14 −0.48 ± 0.14 −0.54 ± 0.09
2021 −0.44 ± 0.14 −0.37 ± 0.14 −0.35 ± 0.14 −0.37 ± 0.09
2022 −0.91 ± 0.13 −0.94 ± 0.12 −0.83 ± 0.13 −0.87 ± 0.08

4.3. Runoff of the Tuotuo River

Between 2000 and 2022, annual river runoff of 0.73 Gt to 2.54 Gt was recorded by
the Tuotuohe hydrometric station (Figure 3). The mean value of annual river runoff was
calculated to be 1.49 Gt for this studied period. As illustrated in Figure 3, a possible
increasing annual river runoff has been observed for the Tuotuo River in recent decades.
Using the linear regression analysis method, we estimated that the increasing rate of annual
river runoff was 0.19 Gt per decade from 2000 to 2022; however, p (0.23) is larger than 0.05.
This large p value is likely associated with the violent fluctuation in the annual runoff of
the Tuotuo River. For example, we observed an annual river runoff of more than 2.50 Gt
in the year 2018 (2.53 Gt), but it dropped to 0.96 Gt in the next year (2019). This means
that the annual river runoff in 2018 was approximately three times that in 2019. Although
the linearly increasing trend of annual river runoff failed to achieve statistical significance
(p > 0.05), it is noteworthy that the mean value of annual river runoff in 2013–2022 (1.55 Gt)
is obviously larger than that in 2000–2012 (1.45 Gt).

Figure 3. The observed annual runoff of the Tuotuo River between 2000 and 2022.
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4.4. Temporal Variations of Precipitation and Evaporation

Annual basin-wide average precipitation ranging from 479.88 to 635.85 mm and annual
basin-wide average evaporation ranging from 395.67 to 434.90 mm were estimated for the
TRB between 2000 and 2022 (Figure 4). Annual precipitation was relatively larger than
annual evaporation during this period. A mean value of 577.53 mm was calculated for
annual precipitation in 2000–2022, and that of annual evaporation was 414.26 mm. The
temporal variation of both annual precipitation and annual evaporation was characterized
by violent fluctuations. As demonstrated in Figure 4, both annual precipitation and annual
evaporation increased and decreased sharply during this period. For example, annual
precipitation in the year 2012 was 617.69 mm, which then decreased to 479.88 mm in 2013
and increased to 620.33 mm in 2014.

Figure 4. Annual basin-wide average precipitation (a) and evaporation (b) for the Tuotuo River Basin
between 2000 and 2022.

Although the temporal fluctuation is relatively severe, a possible increasing trend was
found for both annual precipitation and annual evaporation from 2000 to 2022. During
the first few years of the 21st century, annual precipitation was around 560 mm, whereas
it has increased to about 600 mm in recent years (Figure 4a). Annual evaporation has
increased from less than 410 mm to approximately 420 mm in recent decades (Figure 4b).
By employing the linear regression analysis method, a long-term increasing rate of 10.03 mm
per decade (p = 0.45 > 0.05) and 6.85 mm per decade (p < 0.05) was estimated for annual
precipitation and annual evaporation between 2000 and 2022, respectively. This result
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indicates that the linearly increasing trend failed to achieve statistical significance for
annual precipitation.

5. Discussion
5.1. Influence of Glacier Mass Change on River Runoff

In order to quantitatively assess the impact of glacier mass change on the annual runoff
of the Tuotuo River, the unit of annual glacier mass balance (m w.e.) was first converted
to Gt by multiplying the modeled estimates with the total area of the glacierized regions.
For all the glaciers in the TRB, annual glacier mass changes ranging from −0.31 ± 0.03
to 0.04 ± 0.04 Gt were estimated between 2000 and 2022. As illustrated in Figure 5, the
temporal variation of annual glacier mass change is similar to that of annual river runoff
during this period. Specifically, a more seriously negative annual glacier mass change is
much more likely to be detected for the years with less annual river runoff and vice versa.
This indicates that glacier mass change likely helps to regulate the annual runoff of the
Tuotuo River.

Figure 5. Comparison between annual glacier mass change and annual river runoff for the Tuotuo
River Basin during the period of 2000–2022.

The contribution of glacier mass change to river runoff was calculated by dividing
annual river runoff into the absolute value of annual glacier mass loss for every year.
For the years of positive glacier mass change (e.g., 0.04 ± 0.04 Gt in 2008), the value of
contribution was set to zero. Therefore, the yearly contribution of glacier mass change to
river runoff ranging from 0.00% to 31.14% was estimated for the TRB in 2000–2022 (Table 4).
The maximum value of 31.14% was detected for the year (2013) with the second smallest
annual river off (0.85 Gt). Moreover, a contribution of more than 20% was also estimated
for the three years of 2006 (24.51%), 2015 (21.92%), and 2016 (22.05%). The mean value
of contribution for all the years between 2000 and 2022 was 9.97% over the TRB, much
larger than that in 2000–2018 over the whole source region of the Yangtze River (1.9% in Liu
et al. [12]). This discrepancy is mainly attributed to the fact that most glacierized regions
of the source region of the Yangtze River are distributed over the TRB (see Figure 1 in
Liu et al. [12]). The contribution of glacier mass change to river runoff was detected to be
accelerating at a rate of 4.8% per decade between 2000 and 2022. However, this estimated
linear temporal tendency failed to achieve statistical significance (p = 0.08 > 0.05). The
estimation of annual glacier mass balance time series with a longer studied period is needed
to investigate whether glacier meltwater will become increasingly important for the river
runoff of the TRB in the future.
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Table 4. The contribution of glacier mass change to the runoff of the Tuotuo River in 2000–2022.

Year Glacier Mass Change (Gt) River Runoff (Gt) Contribution (%)

2000 −0.16 1.36 11.50
2001 −0.09 1.51 6.01
2002 −0.08 2.03 3.97
2003 −0.02 0.96 1.71
2004 −0.02 0.99 1.88
2005 0.01 1.64 0.00
2006 −0.26 1.05 24.51
2007 −0.06 0.89 7.14
2008 0.04 1.03 0.00
2009 −0.07 1.97 3.44
2010 −0.21 1.69 12.40
2011 0.01 1.68 0.00
2012 −0.07 2.06 3.53
2013 −0.26 0.85 31.14
2014 −0.14 1.67 8.46
2015 −0.16 0.72 21.92
2016 −0.31 1.42 22.05
2017 −0.11 1.99 5.31
2018 −0.21 2.53 8.17
2019 −0.18 0.96 18.61
2020 −0.19 1.64 11.62
2021 −0.13 2.16 6.02
2022 −0.31 1.55 19.82

According to the annual total precipitation of the TRB (Figure 4a), the years between
2000 and 2022 were classified into three types: drought, wet, and average. The mean
value and standard deviation were first calculated for the annual precipitation time series
in 2000–2022. When annual precipitation exceeded the sum of mean value and standard
deviation, the year was classified as wet type (2005, 2009, 2014, and 2017). The drought-type
years (2007, 2013, and 2015) were identified as having annual precipitation less than the
difference between mean value and standard deviation. The other years for this period
were classified as average type. As listed in Table 4, the maximum contribution of glacier
mass change to river runoff was obtained in a drought-type year (2013), and the minimum
value was detected in the three wet-type (2005) and average-type (2008 and 2011) years.
The mean value of the contribution of glacier mass change to river runoff in drought-type
years (20.07%) is approximately five times that in wet-type years (4.30%) and twice that in
average-type years (9.49%). Consequently, our results provide verification of the role of
glaciers as a buffer against drought in the TRB. This finding is supported by Pritchard [1]
who reported that glacier meltwater is a significant buffer against drought for people living
in the catchments of major Asian rivers such as the Ganges River and the Brahmaputra
River. Moreover, the importance of glacier meltwater during drought years was also
verified in the northeast TP. An extreme glacier mass loss of −1.188 m w.e. (approximately
three times the decadal mean mass balance) was observed during a heavy drought year
(2023) in the Qilian Mountains [38].

5.2. Influence of Climatic Change on River Runoff

In order to quantitatively assess the impact of climatic variation on river runoff, the
unit of annual precipitation and annual evaporation was converted from mm to Gt by
multiplying it by the total area of the TRB. Moreover, the amount of annual precipitation
minus annual evaporation (PME) was calculated for all the years between 2000 and 2022
(Figure 6). Like the temporal variation of annual precipitation and annual evaporation, the
fluctuation of the PME was serious during this period. PME values of 3.20, 1.25, 3.38, 1.21,
and 2.64 Gt were extracted for the years 2012, 2013, 2014, 2015, and 2016, respectively. For
the long-term trend of the PME, an increasing rate of 0.05 Gt per decade (p = 0.81 > 0.05)
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was estimated by employing the linear regression analysis method. Obviously, this large
p value indicates that the linear increasing trend of PME in 2000–2022 failed to achieve
statistical significance.

Figure 6. The amount of annual precipitation minus annual evaporation in 2000–2022.

As exhibited in Figure 7, the annual runoff of the Tuotuo River was positively cor-
related with the PME between 2000 and 2022 (R = 0.72, p < 0.05). This indicates that
the temporal variation of river runoff is mainly determined by regional climatic change,
although glaciers are an effective buffer against drought. Notably, annual river runoff is
clearly less than the PME for every year during this studied period. According to the water
balance theory, a large amount of water resources should have been provided by the PME
for the soil, lake, and groundwater of the TRB during the studied period. A continuous
expansion or rise of water level was observed for some lakes over the TRB (e.g., Quemo Co)
in recent decades [29,39]. This temporal feature of lake water resources is partly or mainly
related to the increased PME [40,41].

Figure 7. Relationship between river runoff and the difference in precipitation and evaporation over
the Tuotuo River Basin during the period of 2000–2022.

6. Conclusions

In this study, we quantitatively extracted the annual glacier mass balance and its
contribution to river runoff in the TRB. By using an albedo-based model with the year’s
minimum regional-average surface albedo derived from the MODIS daily land surface
albedo products, we estimated annual glacier mass balance ranges from −0.89 ± 0.08 m
w.e. to 0.11 ± 0.11 m w.e. between 2000 and 2022. Annual river runoff between 0.73 Gt
and 2.54 Gt during the studied period was calculated using the records of the Tuotuo
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hydrometric station. The contribution of glacier mass change to river runoff was calculated
by dividing annual river runoff into the absolute value of annual glacier mass loss for every
year. Overall, the contribution of glacier mass change to river runoff was calculated to be
0.00–31.14% for the studied period, with a mean value of 9.97%.

According to the annual precipitation of the TRB, the years between 2000 and 2022 were
classified into three types: drought, wet, and average. The mean value of the contribution
of glacier mass change to river runoff was 20.07%, 9.49%, and 4.30% for the drought-type
year, average-type year, and wet-type year, respectively. Consequently, our results provide
verification of the role of glaciers as a buffer against drought in the TRB, at least in the
2000–2022 period. By using the method of linear regression analysis, the increasing trend of
4.8% per decade was estimated for the contribution of glacier mass loss to river runoff from
2000–2022. However, this linear tendency failed to achieve statistical significance (p = 0.08
> 0.05). In the future, a long-term annual glacier mass balance time series is needed to
investigate whether glacier meltwater will become increasingly important for the river
runoff in the TRB.
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