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Abstract
Based on runoff data from the Laohugou watershed cross-section in the western
Qilian Mountains and meteorological data from the Base Camp meteorological
station, this study analyzed the correlation between glacier runoff and meteo-
rological elements, established a multivariate exponential nonlinear regression
equation to reconstruct runoff and compensate for missing data, and examined
the interannual, seasonal, and diurnal variation characteristics of glacier runoff.
The results show: (1) Glacier runoff exhibits the highest correlation with air
temperature (0.86), followed by water vapor pressure (0.81), relative humidity
(0.46), and precipitation (0.27), indicating that runoff is most strongly influ-
enced by air temperature. (2) Observations from the 21st century indicate a
daily average runoff of 2.10 m3・s−1, representing an increase from 1.65 m3・s−1

in the late 1950s, primarily attributable to a 0.75 °C temperature rise during
the ablation season. Interannual runoff variation is more pronounced during the
intense ablation period (July–August) and less variable at the beginning (May–
June) and end (September) of the ablation season. Runoff contribution per-
centages during the ablation season (May–September) are 5.3%, 16.1%, 37.3%,
35.1%, and 6.2%, respectively. (3) The multivariate exponential nonlinear re-
gression equation satisfactorily simulates daily runoff (average Nash-Sutcliffe
efficiency coefficient of 0.70). After filling gaps in the runoff record, diurnal
runoff variation is found to be smaller at the beginning and end of the ablation
season but larger during the intense ablation period. Regarding runoff time-lag
effects, monthly runoff during the ablation season in the Laohugou watershed
displays a ‘valley-peak’diurnal pattern. The time interval between maximum
air temperature and maximum runoff is longer at the beginning and end of
the ablation season and shorter during the intense ablation period, with the
maximum difference of 3 hours occurring in June at the beginning of the abla-
tion season. Understanding the variation characteristics of glacier meltwater is
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crucial for water resource management, ecological protection, and sustainable
socioeconomic development in arid regions.
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Abstract: Based on runoff data from the Laohugou watershed cross-section
and meteorological data from the Base Camp weather station in the western
Qilian Mountains, this study analyzed the correlation between glacierized area
runoff and meteorological elements, and established a multivariate exponential
nonlinear regression equation to reconstruct missing runoff data. Additionally,
the characteristics of interannual, seasonal, and diurnal scale runoff variations in
the glacierized area were examined. The results demonstrate that: (1) Runoff
exhibits the highest correlation with air temperature (0.86), followed by wa-
ter vapor pressure (0.81), relative humidity (0.46), and precipitation (0.27),
indicating that temperature is the dominant control on runoff. (2) The mean
daily runoff in the 21st century is 2.10 m3・s−1, which is higher than the 1.65
m3・s−1 observed in the late 1950s, primarily due to a 0.75°C increase in abla-
tion season temperature. Interannual runoff variation is substantial during the
strong ablation period but relatively small during the early (May-June) and late
(September) ablation season. Runoff generation from May through September
accounts for 5.3%, 16.1%, 37.3%, 35.1%, and 6.2% of the total ablation sea-
son runoff, respectively. (3) The multivariate exponential nonlinear regression
equation effectively simulates daily runoff (mean Nash-Sutcliffe efficiency coeffi-
cient = 0.70). After supplementing missing runoff data, diurnal runoff variation
is small during the early and late ablation period but large during the strong
ablation period. Regarding the time-lag effect, monthly runoff in Laohugou
watershed shows a distinct “valley-peak”diurnal pattern during the ablation
season. The time interval between maximum temperature and maximum runoff
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is long during the early and late ablation period, but short during the strong
ablation period, with the maximum difference reaching 3 hours in June. Clar-
ifying glacier meltwater variation characteristics is crucial for water resource
management, ecological protection, and sustainable socioeconomic development
in arid regions.

Keywords: runoff reconstruction; climate change; runoff variation; Laohugou
watershed

Introduction
Glaciers serve as “solid reservoirs”that constitute important water resources
for river replenishment and agricultural irrigation, while also acting as natural
recorders and early warning indicators of climate change. Glacier meltwater
is a critical water resource in the arid regions of northwest China, playing a
vital role in maintaining ecological balance and supporting sustainable socioe-
conomic development. Global warming has caused most glaciers worldwide to
retreat. In the western Qilian Mountains, glacier area decreased by 14.1% be-
tween 1956 and 2017, with the most significant retreat occurring after 2000.
During the 1960s-1970s, glacier area and volume losses accounted for 10.3%
of the total. Laohugou Glacier No. 12 is the largest valley glacier in the Qil-
ian Mountains, spanning 9.7 km in length with an area of 20.37 km2 and an
elevation range of 4250-5483 m. As a continental glacier, it has experienced
substantial mass loss and retreat in recent decades, with the terminus retreat-
ing 403 m and the area decreasing by 1.54 km2 since 1957. The equilibrium
line altitude averaged 4380 m historically but rose to 5015 m by 2010. Such
glacier changes inevitably impact water resources in arid regions. As glaciers
evolve, their meltwater contribution to water resources follows a “first increase
then decrease”trend. For instance, modeling in the Yarkant River basin since
1961 shows glacier runoff has generally increased, accounting for 51.1% of total
runoff, though the “turning point”has not yet emerged. The timing of this
turning point depends on glacier size and coverage: watersheds with low glacier
coverage and small glaciers (e.g., Shiyang River, Manas River, and sources of
the Nu River, Yellow River, and Lancang River on the Tibetan Plateau) have
already reached peak meltwater, while watersheds dominated by larger glaciers
(e.g., Kuche River, Muzart River, Shule River, and Yangtze River source) will
likely reach peak meltwater in 10-20 years. Additionally, glacier meltwater can
trigger natural disasters such as glacial lake outburst floods and debris flows.
Therefore, understanding hydrological characteristics in glacierized areas and
quantifying current and future glacier meltwater contributions are essential for
water resource management and disaster prevention.

Runoff in glacierized areas originates primarily from glacier meltwater, seasonal
snowmelt, rainfall, and groundwater. However, runoff generation is influenced
not only by meteorological factors but also by underlying surface conditions, sub-
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glacial drainage systems, supraglacial stream networks, and active permafrost
layers. Due to observational limitations, understanding of runoff generation
and concentration processes remains limited. Hydrological models based on
degree-day and energy balance approaches can simulate and predict glacierized
area runoff, including distributed energy balance models, distributed enhanced
degree-day models, and precipitation-runoff-evapotranspiration models. How-
ever, in alpine regions, limited observational data restrict the applicability of
most hydrological models. In practice, assessing and predicting runoff based on
relationships between meteorological elements and runoff is crucial. Time series
correlation analysis is an important method for determining these relationships.
Previous studies in glacierized areas have established regression relationships
between runoff and meteorological elements, demonstrating that meteorological
variables can successfully simulate glacierized area runoff. Laohugou watershed
is located in the high-altitude mountains of the western Qilian Mountains with
harsh natural conditions. Runoff observation instruments (water level gauges)
are vulnerable to damage from riverbed gravel during summer, resulting in miss-
ing data. Previous studies on Laohugou watershed have focused on single-year
runoff variations and only considered temperature and precipitation for data
reconstruction. Therefore, establishing regression models between runoff and
meteorological elements is critical for extending runoff time series, filling data
gaps, and analyzing runoff at different temporal scales. This study system-
atically analyzes the relationships between runoff and meteorological elements
using statistical methods, develops a multivariate exponential nonlinear regres-
sion model to reconstruct missing runoff data, and comprehensively examines
interannual, seasonal, diurnal, and time-lag characteristics of runoff.

1. Study Area Overview
Laohugou watershed is located in the upper Shule River region on the north-
eastern edge of the Tibetan Plateau in the western Qilian Mountains (39°25�-
39°30�N, 96°31�-96°33�E). The watershed is controlled by the mid-latitude west-
erlies year-round, characterized by perennial low temperatures and abundant
precipitation. The hydrological cross-section is established between Base Camp
and the terminus of Laohugou Glacier No. 12 at an elevation of 4180 m. Ac-
cording to the First Glacier Inventory, the watershed glacier area is 37.59 km2

with a coverage of 65.15%. The current cross-section has been operational since
2007, controlling a watershed area of approximately 37.58 km2 with 65.17%
glacier coverage. A historical cross-section from 1958 was located about 5-10 m
downstream of the current section, controlling 37.67 km2 with 65.01% glacier
coverage. Although the cross-section location has changed slightly, it remains
near the same elevation with minimal changes in catchment area and glacier
coverage, ensuring that observed runoff reflects glacier runoff variations. Lao-
hugou Glacier No. 12, with the glacier code 5Y448D0004, is the largest valley
glacier in the Qilian Mountains. In recent decades, the glacier has experienced
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significant mass loss and retreat, with the terminus retreating 403 m and area
decreasing by 1.54 km2 since 1957. The equilibrium line altitude averaged 4380
m historically but rose to 5015 m by 2010.

2. Data and Methods
2.1 Meteorological and Hydrological Monitoring

Automatic weather stations were installed at 4550 m and 5040 m in Laohugou
watershed. This study uses data from the Base Camp station at 4180 m
(Fig. 1). The automatic weather station employs a Campbell CR1000
data logger, with temperature measured by an HMP45C sensor (accuracy
$±0.2°𝐶)𝑎𝑛𝑑𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑𝑏𝑦𝑎𝑇 200𝐵𝑎𝑢𝑡𝑜𝑚𝑎𝑡𝑖𝑐𝑟𝑎𝑖𝑛/𝑠𝑛𝑜𝑤𝑔𝑎𝑢𝑔𝑒(𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦0±$0.1
mm) at 30-minute intervals. Precipitation data were corrected using the method
proposed by Ye et al. [21] for Chinese precipitation observation errors. Tem-
perature, precipitation, and runoff data from 2008-2017 were used as historical
observations. Hydrological monitoring involves velocity and water level mea-
surements. Velocity is measured using an LS25-1 propeller-type current meter,
while water level is observed with a water level gauge and verified with a staff
gauge to establish a stage-discharge relationship curve for calculating ablation
season discharge. The primary hydrological data used are daily runoff values
from 2008-2017.

2.2 Research Methods

Autocorrelation and cross-correlation coefficients were used to analyze relation-
ships between runoff and meteorological elements. The autocorrelation coeffi-
cient (Rk) and cross-correlation coefficient (rk) are calculated as:

𝑅𝑘 = ∑𝑛−𝑘
𝑖=1 (𝑋𝑖 − 𝑋̄)(𝑋𝑖+𝑘 − 𝑋̄)

∑𝑛
𝑖=1(𝑋𝑖 − 𝑋̄)2

𝑟𝑘 = ∑𝑛−𝑘
𝑖=1 (𝑋𝑖 − 𝑋̄)(𝑌𝑖+𝑘 − ̄𝑌 )

√∑𝑛
𝑖=1(𝑋𝑖 − 𝑋̄)2 ∑𝑛

𝑖=1(𝑌𝑖 − ̄𝑌 )2

where Rk is the autocorrelation coefficient, n is the number of time series data
points, k is the time lag, Xi is the daily time series data, 𝑋̄ is the mean, Xi+k
is the time series data with lag k, rk is the cross-correlation coefficient, Yi+k is
the time series data with lag k, and ̄𝑌 is the mean.

The coefficient of variation (Cv) quantifies the dispersion of time series data:

𝐶𝑣 =
√ 1

𝑛−1 ∑𝑛
𝑖=1(𝑋𝑖 − 𝑋̄)2

𝑋̄ × 100%
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where Cv is the coefficient of variation and n is the number of data points.

The Nash-Sutcliffe efficiency coefficient (NSE) and relative error (Er) evaluate
model performance:

𝑁𝑆𝐸 = 1 − ∑𝑛
𝑖=1(𝑄𝑜𝑏𝑠,𝑖 − 𝑄𝑠𝑖𝑚,𝑖)2

∑𝑛
𝑖=1(𝑄𝑜𝑏𝑠,𝑖 − 𝑄̄𝑜𝑏𝑠)2

𝐸𝑟 = 100 × ∑𝑛
𝑖=1(𝑄𝑠𝑖𝑚,𝑖 − 𝑄𝑜𝑏𝑠,𝑖)

∑𝑛
𝑖=1 𝑄𝑜𝑏𝑠,𝑖

where NSE is the Nash-Sutcliffe efficiency coefficient, Er is the relative error,
Qobs is the observed value, Qsim is the simulated value, and 𝑄̄𝑜𝑏𝑠 is the mean
observed value.

3. Results and Analysis
3.1 Temperature and Precipitation Characteristics

Meteorological observations of temperature and precipitation are fundamental
to hydrological research. In high-altitude regions with complex terrain and
harsh environments, meteorological observations are scarce, yet precipitation
significantly contributes to runoff and glacier meltwater is highly sensitive to
temperature. Moreover, the spatial distribution of temperature and precipita-
tion differs from plain areas. Therefore, enhanced meteorological observation
in high-altitude regions is crucial for analyzing runoff changes under climate
change. Base Camp observations show that the mean annual temperature from
2008-2017 was -5.33°C, with maximum and minimum temperatures of 2.24°C
and -10.74°C, respectively. Mean annual precipitation was 383.9 mm. Temper-
ature variations are relatively stable, while precipitation showed a decreasing
trend before 2013 but has increased annually since then (Fig. 2). Daily mean
temperatures exceed 0°C from May to September, defining the ablation season,
with June-August as the strong ablation period. For the ablation season, daily
mean temperatures are 0.50°C, 3.55°C, 6.00°C, 5.53°C, and 0.50°C from May to
September, respectively. Minimum temperatures are -2.11°C, 3.05°C, 7.46°C,
3.53°C, and -4.98°C. Monthly precipitation is 36.3 mm, 60.7 mm, 82.8 mm, 79.6
mm, and 39.3 mm, accounting for 77.5% of annual precipitation. Temperature
increases gradually before August and decreases thereafter, while precipitation
increases before July and decreases afterward (Fig. 2).

3.2 Relationship Between Runoff and Meteorological Elements

To clarify meteorological influences on glacierized area runoff, correlations be-
tween runoff and temperature, precipitation, and other indices were analyzed.
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Fig. 3 shows runoff autocorrelation and correlations with meteorological ele-
ments. Runoff autocorrelation coefficients range from 0.82 to 0.93, indicating
strong persistence where daily runoff is highly correlated with previous days’
runoff, reflecting the glacier’s role as a “solid reservoir.”Runoff shows the
strongest positive correlation with temperature (0.86), followed by water vapor
pressure (0.81), relative humidity (0.46), and precipitation (0.27). Tempera-
ture is the dominant control on runoff. Water vapor pressure, representing
atmospheric moisture content, is an important greenhouse gas that alters ra-
diation balance by absorbing shortwave and longwave radiation, thereby in-
creasing meltwater runoff. Relative humidity, calculated as the percentage
of actual vapor pressure to saturation vapor pressure, indirectly affects runoff
through vapor pressure. The weak correlation with precipitation (0.12-0.27) oc-
curs because precipitation on glaciers is primarily snow, which increases albedo
and inhibits melt. Even liquid precipitation contributes less to runoff than
temperature-driven melt. No correlation exists with shortwave radiation. Cross-
correlations decrease with increasing time lag for all elements except shortwave
radiation. These findings align with studies in the Tianshan Mountains and
Parlung Glacier No. 4.

Due to data gaps in some years, multivariate regression equations were devel-
oped to reconstruct missing runoff. Following previous research, a multivariate
exponential nonlinear regression equation using temperature and vapor pressure
as independent variables effectively simulates glacierized area runoff. This study
uses temperature, precipitation, and vapor pressure as independent variables,
achieving the highest correlation. Separate equations were established for each
ablation season (2008-2017) and for the mean state (Table 1). The 2008-2010
equations used only temperature and precipitation due to limited observations.
Results show that R2 values from multivariate exponential nonlinear regression
exceed those from linear regression. The mean-state equation simulates 2008-
2017 runoff with NSE values of 0.70 and relative errors of -1.2% to 38.2% (mean
= 19.1%). Year-specific equations perform better, with NSE values of 0.72 and
relative errors of -1.9% to -12.4% (mean = -1.3%). Simulated peaks are generally
lower than observed due to underestimated precipitation and vapor pressure at
Base Camp (4180 m) compared to glacier elevations (4250-5483 m), and because
subglacial drainage systems are not considered. Fig. 4 compares observed and
simulated runoff.

3.3 Interannual, Seasonal, and Diurnal Runoff Variation

Based on reconstructed and observed data, interannual, seasonal, and diurnal
runoff variations were analyzed. Mean ablation season runoff was 1.45 m3・s−1

in 2008, 1.85 m3・s−1 in 2013, and 2.30 m3・s−1 in 2016. The 21st century mean
(2.10 m3・s−1) exceeds the late 1950s value (1.65 m3・s−1). The coefficient of
variation quantifies interannual variability: monthly values are 0.72, 0.66, 0.48,
0.49, and 0.76 for May-September, respectively, with a mean of 0.62, indicating
relatively small interannual variation overall.
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Seasonal variation shows runoff increasing from May, peaking in July, then
decreasing rapidly (Fig. 5). May-September runoff accounts for 5.3%, 16.1%,
37.3%, 35.1%, and 6.2% of the ablation season total, respectively. July con-
tributes the most (37.3%). This aligns with studies showing continental glaciers
peak in July-August, accounting for ~72.4% of annual runoff.

Diurnal variation characteristics are shown in Fig. 6. At the beginning and
end of the ablation season (May, June, September), diurnal variation is small
with flat hydrographs. Minimum and maximum runoff occur at 06:30-07:20
and 15:50-17:00, respectively. During strong ablation (July-August), diurnal
variation increases substantially (standard deviations of 0.66 and 0.64 vs. 0.20-
0.33 in other months), with rapid rises and falls. Minimum and maximum occur
at 06:20-07:00 and 15:00-15:50, respectively. The larger variation results from
higher temperatures, enhanced solar radiation, reduced snowfall, and developed
supraglacial drainage networks that reduce meltwater retention.

3.4 Time-Lag Effect of Runoff

The time-lag effect refers to the time interval between daily temperature maxi-
mum and runoff maximum. Fig. 7 shows monthly diurnal variations of temper-
ature and runoff during the ablation season. Runoff exhibits a distinct “valley-
peak”diurnal pattern. In early ablation (May-June), the time interval is large,
especially in June when temperature peaks at 14:00 but runoff peaks at 17:00
(3-hour lag). This occurs because heavy snowfall (64.4% of precipitation) and
underdeveloped supraglacial drainage delay meltwater transport. In strong ab-
lation (July-August), snowfall decreases, rainfall increases, and surface drainage
develops, reducing the time lag. Temperature peaks at 15:00 and runoff peaks
at 15:00-15:50, making the curves nearly synchronous. At the end of ablation
(September), the interval increases again as temperatures drop and snowfall re-
sumes, though the developed drainage system still allows relatively rapid trans-
port.

4. Discussion
Runoff observed at the glacier terminus includes contributions from the ablation
zone, accumulation zone, and exposed slopes. When the exposed slope area is
small, observed runoff approximates glacier meltwater runoff. The cross-section
is located ~5-10 m from the terminus, so observed flow primarily reflects glacier
meltwater. During the ablation season, runoff variation is mainly controlled
by meteorological elements. Runoff correlates most strongly with temperature
(0.86), moderately with vapor pressure (0.81) and relative humidity (0.46), and
weakly with precipitation (0.27), consistent with studies in the Tianshan Moun-
tains.

The 21st century mean ablation season temperature is 2.10°C, 0.75°C higher
than the 1950s-1960s mean of 1.35°C, driving increased runoff from 1.65 to 2.10
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m3・s−1. During strong ablation (July-August), runoff accounts for 72.4% of
the ablation season total due to high temperatures (mean 5.8°C), high vapor
pressure (0.55 kPa), high relative humidity (64.4%), and substantial precipi-
tation (50.8% of seasonal total). Early and late ablation periods (May-June,
September) contribute 16.1% and 6.2%, respectively, with lower temperatures
(0.33°C and -0.18°C) and more snowfall. The rain-snow separation tempera-
ture in northwest alpine regions is 3.5-5.5°C, so although June precipitation
(39.3 mm) exceeds August (36.3 mm), the higher snowfall proportion and lower
temperatures result in less runoff.

The time-lag effect is influenced by snowfall, temperature, and supraglacial
drainage development. In early ablation, heavy snowfall (64.4% in June) and im-
mature drainage networks maximize the lag. In strong ablation, reduced snow-
fall and developed drainage minimize the lag. At ablation end, increased snow-
fall and lower temperatures increase the lag again, though developed drainage
partially offsets this effect. Therefore, glacierized area runoff is influenced by
temperature, vapor pressure, relative humidity, precipitation, and snow condi-
tions, all of which should be considered in future studies.

5. Conclusions
1) Temperature in Laohugou watershed showed a decreasing trend before

2013 but has increased recently. Precipitation decreased before 2013 then
increased. Runoff autocorrelation coefficients range from 0.82 to 0.93, in-
dicating strong persistence. Runoff correlates most strongly with temper-
ature (0.86), moderately with vapor pressure (0.81) and relative humidity
(0.46), and weakly with precipitation (0.27), confirming temperature as
the dominant control.

2) Multivariate exponential nonlinear regression equations established for
each year using temperature, vapor pressure, and precipitation effectively
simulate daily runoff (mean NSE = 0.72, mean relative error = -1.3%).
The 21st century mean ablation season runoff (2.10 m3・s−1) exceeds the
1950s-1960s value (1.65 m3・s−1), primarily due to a 0.75°C temperature
increase. Interannual variation is large during strong ablation but small
during early and late ablation periods.

3) Seasonal runoff distribution shows May-September contributions of 5.3%,
16.1%, 37.3%, 35.1%, and 6.2%, respectively. Diurnal variation is small
during early and late ablation but large during strong ablation. The time-
lag between temperature and runoff peaks is longest in early ablation
(maximum 3 hours in June), shortest during strong ablation, and inter-
mediate at ablation end, influenced by temperature, precipitation phase,
vapor pressure, relative humidity, and supraglacial drainage development.

Understanding glacier meltwater variation characteristics is essential for water
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resource management, ecological protection, and sustainable development in
arid regions.
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