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Abstract
Ground freeze‒thaw processes have significant impacts on infiltration, runoff and evapotranspiration. However, there are still critical knowledge
gaps in understanding of hydrological processes in permafrost regions, especially of the interactions among permafrost, ecology, and hydrology. In this
study, an alpine permafrost basin on the northeasternQinghai‒Tibet Plateauwas selected to conduct hydrological andmeteorological observations.We
analyzed the annual variations in runoff, precipitation, evapotranspiration, and changes in water storage, as well as the mechanisms for runoff gen-
eration in the basin fromMay 2014 to December 2015. The annual flow curve in the basin exhibited peaks both in spring and autumn floods. The high
ratio of evapotranspiration to annual precipitation (>1.0) in the investigated wetland is mainly due to the considerably underestimated ‘observed’
precipitation caused by the wind-induced instrumental error and the neglect of snow sublimation. The stream flow from early May to late October
probably came from the lateral discharge of subsurface flow in alpine wetlands. This study can provide data support and validation for hydrological
model simulation and prediction, as well as water resource assessment, in the upper Yellow River Basin, especially for the headwater area. The results
also provide case support for permafrost hydrology modeling in ungauged or poorly gauged watersheds in the High Mountain Asia.
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1. Introduction processes, i.e., as an aquitard, the presence of permafrost and
As the main body of the High Mountain Asia (HMA), also
known as the Third Pole, the Qinghai‒Tibet Plateau (QTP) is
the sources of more than 10 large Asian rivers, such as the
Yangtze River, Yellow River, Mekong River, and Indus River,
and is often hailed as the Water Towers of Asia due to its
huge water resources in liquid and solid forms (Yao et al.,
2019a).

Permafrost on the QTP covers an areal extent of ~1.06
million km2, accounting for >40% of the total plateau area
(Ran et al., 2021; Zou et al., 2017). Over the last 50 years,
the overall QTP has become warmer and wetter. In
1960e2012, the warming rate of mean annual air tempera-
ture on the QTP was approximately twice of the global
average (Chen et al., 2015; Yao et al., 2022), with the largest
warming rate in the continuous permafrost regions on the
northern QTP (Yang et al., 2014). Consequently, permafrost
has been widely degrading (Zhao et al., 2024; Cheng and Jin,
2013; Ding et al., 2019; Jin et al., 2000; Li et al., 2008). This
affects not only the water resource supply for ~1.6 billion
people in East and South Asia (Immerzeel et al., 2020), but
also the westerlies‒monsoon interactions (An et al., 2001;
Chen et al., 2020). The westerlies‒monsoon interactions
would eventually affect regional to global climate changes
and water cycles via three-pole coordinated changes in the
atmosphere and hydrosphere (Yao et al., 2019b; Li et al.,
2020a).

Ground freeze‒thaw processes have significant impacts on
infiltration, runoff, and evapotranspiration, and are crucial in
regulating the hydrological processes in cold regions (Woo,
2012; Walvoord and Kurylyk, 2016; Yang and Kane, 2021).
As an aquiclude, frozen ground reduces infiltration and
recharge to groundwater, increases soil moisture, and enhances
rainfall runoff generation (Cuo et al., 2013; Koch et al., 2024;
Woo, 2012). Changes in the ground temperature gradient alter
soil hydraulic conductivity and impact soil water movement as
well as water storage in the active layer (e.g., Gao et al., 2022;
He et al., 2020; Walvoord and Kurylyk, 2016). These sub-
stantially control the subsurface hydraulic connections and
alter the surface, subsurface, and groundwater flows and their
discharges to rivers and lakes (Ma et al., 2021; Quinton et al.,
2000; Woo and Marsh, 2005). Thus, the freeze‒thaw pro-
cesses fundamentally alter the magnitude and temporal pat-
terns of runoff in permafrost terrains (e.g., Gao et al., 2021;
Song et al., 2021; Zheng et al., 2018) and affect the water and
energy exchanges between land and atmosphere (Ma et al.,
2024; Wani et al., 2021; You et al., 2017).

Runoff regimes in permafrost environments have mainly
been investigated using hydrological models (e.g., Bense et al.,
2012; Gao et al., 2018; Wang et al., 2023) and stable or
radioactive isotope tracing methods (e.g., Li et al., 2024; Yang
et al., 2023; Yi et al., 2018). Notably, most permafrost hy-
drological models on the QTP are based on the priori
assumption that permafrost significantly impacts the runoff
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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the ensued rapid runoff generation during thaw season en-
hances peak flows and amplifies runoff seasonal variability
(Gao et al., 2021; Jin et al., 2022; Zhang et al., 2024). How-
ever, such a significant influence has not always been verified
in large forested basins (Lindstr€om et al., 2002; McClelland
et al., 2004; Shanley and Chalmers, 1999) and in basins
with less than 40% permafrost coverage in the Arctic (Ma
et al., 2019; Ye et al., 2009). Complex physical-based
models, particularly the distributed hydrology models
coupled with soil freeze‒thaw processes, usually require high-
resolution driving data and detailed parameterization schemes,
which are generally lacking or inadequately approximated in
permafrost environments (Chen et al., 2018; Gao et al., 2021;
Wang et al., 2017; Wang et al., 2021). This is particularly true
for the cold and alpine permafrost environment with complex
terrains on the QTP.

Permafrost is most common in remote areas with rare
human activities at high elevations or high latitudes. Field
observations, instrument maintenance, and logistical supplies
are difficult and expensive tasks in permafrost environment
in the HMA, due to the harsh climate and poor road acces-
sibility. This results in very limited ground-based observa-
tional data for ungauged or poorly gauged permafrost
watersheds. Furthermore, the effects of freeze‒thaw pro-
cesses on runoff dynamics have been heavily impacted by
the land use and land cover change in the region (Woo, 2012;
Woo and Marsh, 2005). However, the interactions among
permafrost, ecology, and hydrology remain unknown (Wang
et al., 2012a; Grünberg et al., 2020; Shur and Jorgenson,
2007), and only limited understanding of the mechanisms
of permafrost hydrology has been achieved at the slope to
basin scales. Thus, it is largely uncertain or evasive to
simulate and predict rainfall‒runoff processes for ungauged
or poorly gauged permafrost watersheds using detailed
distributed models (Wang et al., 2017; Loukas and
Vasiliades, 2014). Permafrost hydrology studies based on
the stable or radioactive isotope methods necessitate the
collection of large amounts of water and soil samples in
different seasons, and these methods are also based on some
assumptions (Du et al., 2024; Li et al., 2020b; Xiao et al.,
2020). For example, it is assumed that the isotopic compo-
sition of the water is spatiotemporally constant and any
variations are caused by water mixing along the flow-paths
in the end-member mixing analysis (Li et al., 2020b).
There are critical knowledge gaps in process-level under-
standing of permafrost hydrology, due to the heterogeneity
of permafrost landscapes, difficulties in data acquisition, and
limited interdisciplinary research (Koch et al., 2024; Woo,
2012; Walvoord and Kurylyk, 2016). Consequently, sys-
tematic observations and studies on permafrost hydrology at
the basin scale serve as the physical basis for the model
simulation and prediction of permafrost hydrology, espe-
cially that in ungauged or poorly gauged watersheds in the
HMA.
e permafrost basin: Observations from the High Mountain Asia, Advances in
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In this study, the Shuangchagou (SCG) permafrost basin,
located in the Lena Qu (River) watershed in the hinterland of
the headwater area of the Yellow River (HAYR) on the
northeastern QTP, was selected for conducting hydrological
and meteorological observations and for calculating runoff
discharge. We calculated evapotranspiration based on eddy
covariance (EC) observation data using the Priestley‒Taylor
equation, analyzed the inter-annual variations of runoff, pre-
cipitation, changes in water storage, and evapotranspiration,
and discussed the impacts of freeze‒thaw processes in the
active layer in wetlands on runoff and runoff generation
mechanisms in alpine permafrost basins. This study may
contribute to and help validate hydrological model simulation
and prediction, as well as provide crucial support for decision
making for water resource assessment and management in the
Yellow River Basin, especially in the HAYR. It also contrib-
utes to a better understanding of permafrost hydrology and
runoff generation mechanisms, as well as case studies for
permafrost hydrology research in ungauged or poorly gauged
watersheds in the HMA.

2. Study area

The HAYR lies on the margin of the modern East Asian
monsoon region (Wang et al., 2020a, 2022a), and is located
in a transition zone from discontinuous to sporadic perma-
frost zones on the northeastern QTP (Fig. 1a). It covers an
areal extent of 2.97 � 104 km2, with several dominated
landforms, such as plains, hills, low-relief mountains, and
highlands (Li et al., 2016). According to records during
1953e2018, the mean annual air temperature was �3.1 �C
and annual precipitation was 282 mm at the Madoi meteo-
rological station in the northeastern HAYR, with precipita-
tion mostly concentrated from May to September,
accounting for 65%e90% of the total annual precipitation
(Wang et al., 2019a, 2022b).

The HAYR is critical to the supply of water resources in
the Yellow River basin. It is an important functional area of
water conservation and an ecological barrier to China's
ecological security (Yin et al., 2016). Permafrost is mainly
distributed above 4300 m a.s.l. in fluvial plains and on the
north-facing slopes and above 4500 m a.s.l. on the south-
facing slopes (Li et al., 2016; Jin et al., 2009; Luo et al.,
2018). In the HAYR, the areal extent of permafrost ac-
counts for ~85% of the total area (Sheng et al., 2020, Fig. 1b),
and the ground ice storage in permafrost, is preliminarily
estimated at 49.6 ± 18.0 km3 at depths of 3.0e10.0 m (Wang
et al., 2017).

In the Lena Qu (River) watershed, located in the south of
the Gyaring and Ng€oring Lakes in the HAYR, hydrological
and meteorological observations were conducted in the SCG
permafrost basin (34�380e34�400 N; 97�180e97�200 E;
Fig. 1a‒d). This basin covers an areal extent of 15.7 km2, with
elevations ranging from 4300 to 4650 m a. s. l. The most
common landform types include gentle and rolling hills, al-
luvial and slope-wash plains and platforms, and river valley
plains. Alpine steppes and alpine wetlands dominate in land
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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cover types (Fig. 1d), with herb coverage of mainly <40% and
40%e98%, respectively, in these two types. Alpine steppes
cover elevations ranging from 4300 to 4650 m a. s. l. in the
basin, while wetlands mainly occur with elevations ranging
from 4300 to 4350 m a. s. l. In alpine steppes, Stipa purpurea
Griseb. dominates, and there are several associated species,
such as Poa pratensis Linn. and Leontopodium nanum Hand.
The dominant species in alpine wetlands are Kobresia humilis
(C. A. Mey ex Trauvt.) Sergievskaya, K. capillifolia (Decne.)
C. B. Clarke, K. humilis, Poa pratensis Linn., Littledalea
racemosa, and Puccinellia distans (L.) Parl. In the SCG Basin,
the areal extent of alpine wetlands (including the degraded
alpine wetlands) covers ~1.7 km2, accounting for ~11% of the
entire basin area, while alpine steppes cover the rest. The
severely degraded alpine wetland, often covering dozens of
square meters, was to intersperse the lower north branch of the
stream near the basin outlet (Fig. 1d). According to field
survey results in the SCG Basin, except for some partially
sunny slopes of the north and south branches and the degraded
alpine wetlands in the valley plains, which are possibly un-
derlain by open or closed taliks, the rest of the basin is are
mostly underlain by warm alpine permafrost (Fig. 1c). In the
investigated SCG basin, turf hummocks develop extensively in
the zones of alpine wetlands, and surface waters accumulate in
thermokarst depressions in the thaw season from May to
October.
3. Data and methods
3.1. Runoff observation and calculations
The most common method for estimating continuous
streamflows is the stage‒discharge relationship, known as
Flow Rating Curves (FRCs) (Chow, 1959; Fenton and Keller,
2001; Kumar, 2011). The FRCs are usually calibrated to
gauging stations, which are synchronized observations of
water level and discharge during specific field campaigns
(Manfreda et al., 2020; Rojas et al., 2020; WMO et al., 2010).

In mid-April 2014, a rectangular hydrological monitoring
section was installed at the stream outlet in the SCG Basin. To
prevent water leakage, the bottom of the hydrological section
was set on the impervious bedrock. From late April to
October, the flow velocity (V) at the hydrological section was
measured using the LS10B Propeller Velocity Meter (pro-
duced by Chongqing Huazheng Hydrological Instrument Co.
Ltd., China), and meanwhile, the flow depth (h) was measured
using a water ruler. Then, the runoff (Q) could be calculated
using the water cross-section area (U) at the gauging station
and the flow velocity (V) according to Eq. (1). The water
cross-sectional area (U) was calculated by multiplying the
width (w) of the rectangular hydrological section by the
measured flow depth (h). The LS10B Propeller Velocity Meter
had a measurement range of 0.1e4.0 m s�1 (within a working
water depth of 1.2 m), a mean square deviation of the verifi-
cation formula �1.5%, and an operating environment tem-
perature range of �10 to 45 �C.
e permafrost basin: Observations from the High Mountain Asia, Advances in



Fig. 1. The permafrost distribution on the QTP (Wang et al., 2012b) showing the location of the HAYR (a), the distribution of the mean annual ground temperature

(MAGT) at depths of 10e25 m in the HAYR (b; Li et al., 2016; Sheng et al., 2020) and at a depth of 10 m in the Shuangchagou (SCG) permafrost basin (c), as well

as a description of the considered hydrometric sites in the SCG basin (d).
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Q¼V �U ð1Þ
Then, the FRC was calculated based on the water level (h)

and runoff (Q) at the gauging station following the most
adopted equation (Lambie, 1978; Mosley and McKerchar,
1993; Clarke, 1999):

QðtÞ¼a� hðtÞb ð2Þ
where Q(t) denotes the runoff at the gauging station at time t;
h(t) denotes the water depth at time t, and; a and b are con-
stants. The FRC at the gauging station in the SCG basin is
shown in Fig. 2a (R2 ¼ 0.91, p < 0.05).

Meanwhile, the HOBO water level meter (U20-001-01)
produced by the Onset Computer Corporation, USA was used
to automatically measure the flow depth at the gauging station,
and the water level was converted into discharge using Eq. (2)
(Fig. 2a). The measurement range of the HOBO water level
meter was less than 9.0 m, with an accuracy of 0.5 cm and a
resolution of 0.21 cm. The automatic measurement period of
the water level at the gauging station was from 20 April 2014
to 31 December 2016, with observation data missing from 13
June 2015 to 28 August 2015 and from 24 November 2016 to
31 December 2016 due to instrument battery failure.
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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3.2. Investigation of hydrometeorology and soil
properties
A hydrometeorological station (97�19039.60 E; 34�38053.40

N, 4410 m a.s.l.) was established in the SCG permafrost
basin to observe precipitation and soil hydrothermal pro-
cesses in the active layer of alpine wetland (Fig. 1d). Air
temperature, relative humidity and the four-component ra-
diation flux were also measured using EC method. The
instrumental site, with herb coverage of ~90%, was on the
middle slope (6%) of an alluvial fan. The observation period
lasted from 25 May 2014 to 24 September 2015, with a
recording interval of 30 min. Precipitation was measured
using a tipping bucket rain gauge, with an accuracy of ±1%.
Soil temperature and volumetric water content (VWC) of the
active layer were measured, with an accuracy of ±0.2 �C and
±2%, respectively (Fig. 3a) (Wang et al., 2019a). An air
temperature and relative humidity sensor (HMP-45C) was
used to correct flux measurements for density effects due to
heat and water vapor transfers. Radiation flux was monitored
using a four-component net radiometer (CNR-1). Soil heat
fluxes were also measured at the investigated alpine wetland
site (Table 1).
e permafrost basin: Observations from the High Mountain Asia, Advances in



Fig. 2. Stage‒discharge relationship for the gauging station (a, late April to

October 2014) and hydrograph (b, June 2014 to December 2016) in the SCG

permafrost basin in the HAYR on the northeastern QTP (In (a), the purple line

is the best fit Flow Rating Curve (FRC), and the gray region indicates the 95%

confidence interval).
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A 100 cm3 cut ring was used to collect soil samples at
depths of 0e20, 20e40, 40e60, and 60e80 cm. Bulk density
and saturated hydraulic conductivity (SHC) were measured
using the oven-drying method and constant head method,
respectively.
Fig. 3. Soil horizons, distribution of organic and mineral layers, and the placement d

(b), and saturated hydraulic conductivity (SHC) (c) in the investigated alpine wetl
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3.3. Water balance equation and water storage
The water balance equation at the basin scale for a given
period is expressed as follows (Wang et al., 2020b):

P�Q�E ¼ DS ð3Þ
where P,Q, E, andDS represent precipitation, runoff flowing out
of the basin, actual evapotranspiration, and changes in water
storage during the study period, respectively. The changes in
water storage in the basin include the changes in soil water
storage (DSsoil) and those in water storage in ground surface
waters in the thermokarst depressions and in groundwater (DSgg).

Evapotranspiration is calculated based on EC observation
data after data processing and gap filling (Wang et al., 2019a),
using the Priestley‒Taylor equation as follows:

E¼ae

D

Dþ g
Qne ð4Þ

Qne¼ðRn �GÞ
rl

ð5Þ

where ae is the Prestley‒Taylor parameter (Priestley and
Taylor, 1972); D is the slope of the saturation vapor pressure
curve relative to the temperature (kPa �C�1); g is the slope
psychrometric constant (kPa �C�1); Qne is the available energy
expressed in evaporation units (mm); Rn is the net radiation
(W m�2); G is the soil heat flux (W m�2) at a depth of 5 cm; r
is the density of liquid water (kg m�3) and l is the latent heat
of water vaporization (kJ kg�1).

Water storage in a soil column with the unit ground-surface
area Ssoil (unit: mm) can be evaluated by summing the water
storage in each sub-layer:
epths of soil temperature and moisture probes (black triangles; a), bulk density

and soil profile.

e permafrost basin: Observations from the High Mountain Asia, Advances in



Table 1

Observation parameters and depths (or heights) of instruments in the investigated alpine wetland in the SCG permafrost basin.

Parameter Instrument Depth/Height (cm)

Precipitation Tipping bucket rain gauge TE525 (Campbell Scientific Inc., USA) Ground surface

Soil temperature 109 Temperature Probe (Campbell Scientific Inc., USA) ‒5, �10, �20, �40, and �80

VWC CS616 Soil Moisture Probe (Campbell Scientific Inc., USA) ‒5, �10, �20, �40, and �80

Air temperature and relative humidity HMP-45C sensor (Vaisala, Helsinki, Finland) 200

Radiation flux Radiometer CNR-1 (Kipp and Zonen, Delft, Netherlands) 150

Soil heat flux Heat plates HFT-3 (Campbell, USA) ‒5 and �40
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Ssoil¼
Pn

i

�
qiu þ qil

�
di

2
ð6Þ

where qiu and qil are soil VWC at the upper and lower
boundaries of the ith sub-layer, respectively (Yamanakaa et al.,
2007); di (unit: mm) is the thickness of the layer; and n is the
number of sub-layers. As the top layer q1u cannot be measured
by the CS 616 probe, we assumed q1u ¼ q1l . Then, the changes
in soil water storage (DSsoil) during a given period can be
calculated.

4. Results
4.1. Profiled soil properties of alpine wetlands
A soil pit was excavated for soil profile description and
sampling. The morphological properties of the soil were
described according to Schoeneberger et al. (2021). At the
investigated alpine wetland site, the soil keyed out as Ruptic
Histoturbel according to the USDA Soil Taxonomy (SSS,
2014), and the active layer was 110 cm thick. The investi-
gated alpine wetland profile consisted of cryoturbated Oi and
Oe horizons at depths of 0e55 cm, an Oe/Cgjj horizon at depths
of 55e73 cm, a Cg/Oejj/Oajj horizon at depths of 73e110 cm,
and a Cf horizon at depths of 110e140 cm (O indicates
organic soil materials; Table 1 and Fig. 3a). In the investigated
profile, the broken organic horizon contained an acrotelm
layer at depths of 0e28 cm and a catotelm layer at depths of
28e73 cm, and the profile was mineral soil at depths of
73e140 cm (Table 1 and Fig. 3a). At depths of 0e80 cm, bulk
density increased gradually while SHC decreased, with values
of 0.65e0.95 g cm�3 and 0.14e0.41 mm min�1, respectively
(Fig. 3b and c).
4.2. Variations in soil hydrothermal regimes
The ground surface in the active layer generally began to
freeze in mid-to late October and to thaw in mid-to late April
in the investigated alpine wetland. From mid-to late April to
the next March, the variations in shallow soil temperature in
the active layer took a shape of the sine function curve. With
increasing depth, soil temperature fluctuation curves expo-
nentially dwindled, and the peak values of soil temperature at
a depth of 5 cm declined and delayed from 11.5 �C in mid-to
late July to �0.05 �C at a depth of 80 cm in mid-September
(Fig. 4a and 5b). In contrast, the lowest values of soil
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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temperature at these two corresponding depths increased from
�9.9 to �3.6 �C, and the dates of reaching the minima was
delayed from early January to mid-March.

Based on the changes in the active layer soil temperature,
the ground freezeethaw processes can be divided into four
stages, i.e., thawing, thawed, re-freezing, and freeze-up pe-
riods (Chen et al., 2018; Pan et al., 2022). As the active layer
thawed from top down, VWC increased quickly at first and
then maintained at a high level. VWC decreased rapidly at the
initial stage of the ground re-freezing period, while during the
subsequent freeze-up period, soil unfrozen water content in the
active layer remained almost stable at a low level of <10%
(Fig. 4b and 5b). From mid-September to mid-October in
2014, VWC in the thawed layer at the depths of 40, 10, 20, 80,
and 5 cm decreased successively, with values of 78%, 71%,
62%, 55%, and 43%, respectively.
4.3. Variations in precipitation, runoff,
evapotranspiration, and DS

4.3.1. Precipitation
From June 2014 to May 2015, there were 265 d with pre-

cipitation (rainy or snowy days), with an average daily pre-
cipitation at 1.5 mm d�1. Among them, there were only 6 d
with moderate rain (10e25 mm d�1), and the total precipita-
tion in these six rainy days accounted for 19% of the annual
total. The other 259 d showed light rain (<10 mm d�1) with
the total precipitation of 332 mm. Daily precipitation was
higher from May to September, ranging from 1.1 to 3.6 mm,
while it was much lower in the other months, with values
ranging from 0.1 to 0.7 mm (Fig. 6a). The annual precipitation
totaled 408 mm (uncorrected for dynamic and other losses)
from June 2014 to May 2015, and the precipitation was mainly
concentrated from May to September, accounting for 84.4% of
the annual total.

4.3.2. Runoff
From January to mid-April, runoff was stable at a low level,

and the daily average runoff from 2014 to 2016 ranged from
0.2 � 10�3 to 1.0 � 10�3 m3 s�1 (Fig. 2a and b). The
streamflow increased greatly from mid-April to late May,
resulting in a spring flush flood, with daily runoff ranging from
1.0 � 10�3 to 17.4 � 10�3 m3 s�1; and afterwards, the daily
runoff remained relatively stable until late June, with values
ranging from 1.2 � 10�3 to 6.7 � 10�3 m3 s�1. The runoff
gradually increased from late June to late October, and showed
e permafrost basin: Observations from the High Mountain Asia, Advances in



Fig. 4. Contour maps of soil temperature (a) and volumetric moisture content (VWC) (b) in the active layer freeze‒thaw processes of the investigated alpine

wetland in the SCG permafrost basin in the HAYR from 25 May 2014 to 24 September 2015.

Fig. 5. Daily precipitation (a), active layer soil temperature (b), soil volumetric

moisture content (c) and evapotranspiration (d) in the investigated alpine

wetland site in the SCG permafrost basin in the HAYR from 25 May 2014 to

24 September 2015.
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a significant autumn flood from mid-September to late
October, with daily runoff ranging from 44.0 � 10�3 to
133.0 � 10�3 m3 s�1. Then, the daily runoff gradually
decreased to ~0.2 � 10�3 m3 s�1 in mid-to late January
(Fig. 2a and b). Although daily runoff during the spring flood
season accounted for only ~11% of that during the autumn
flood season, it was 5e17 times that of daily runoff in days
around the spring flood season.

The daily runoff depth was higher from September to
November, ranging from 0.15 to 0.43 mm, followed by that in
May and August with values of 0.05e0.06 mm, and; it was
prominently lower in other months, with values of �0.03 mm
(Fig. 6b). Monthly runoff depth decreased from 2.0 mm in
May to 0.5 mm in June, and it gradually increased to 10.8 mm
in October. It decreased from 4.5 mm in November to
0.002 mm in January 2015, with values ranging of
0.05e1.5 mm from February to May. Data were missing from
June to August 2015, and monthly runoff depth ranged from
6.6 to 13.2 mm from September to November, with a value of
0.9 mm in December (Fig. 6d).

4.3.3. Evapotranspiration and DS
The daily evapotranspiration was between 1.5 and 3.2 mm

from June to October 2014, with values of 0.2e1.9 mm d�1

from December 2014 to April 2015, and between 1.7 and
3.6 mm from May to September 2015 (Fig. 5d). The monthly
evapotranspiration ranged from 47.7 to 100.1 mm from June to
October 2014, with values of 7.0e58.0 mm from December
2014 to April 2015. The monthly evapotranspiration ranged
from 49.6 to 107.2 mm from May to September 2015
(Fig. 6e).

From June 2014 to September 2015, the monthly DS was
positive in June, August and September 2014 and September
2015, with values of 3.0e41.1 mm; while it was all negative in
other months, with values ranging from �4.2 to �49.9 mm
(Fig. 6d). That is to say, except an enhanced water storage in
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpine permafrost basin: Observations from the High Mountain Asia, Advances in
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Fig. 6. Variations of daily precipitation (a), runoff depth (b), and evapotranspiration (c), monthly P, Q, E, and DS (d), as well as monthly changes in soil water

storage (DSsoil) and those in water storage in ground surface waters in the thermokarst depressions and in groundwater (DSgg) (e) in the SCG permafrost basin from

May 2014 to December 2015.
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the alpine wetland ecosystem in June, August and September,
it was all deficient in other months during the investigated
period. The monthly DSsoil was deficient from October to
February due to decreases in unfrozen water content caused
by the ground freeze process in the active layer and the
decreasing air temperature, while it was all positive in other
months during the investigated period (Fig. 6e).

5. Discussion
5.1. Evapotranspiration variations in alpine wetlands
The accurate estimate of evapotranspiration in terrestrial
ecosystems is essential for better understanding regional to
global water budgets and hydrological cycle. At the investigated
alpine wetland site, daily evapotranspiration averaged
2.4 mm d�1 in 2014 and 2.8 mm d�1 in 2015 in the growing
season, and it averaged 0.95 mm d�1 in the non-growing season
(Fig. 6d). Daily average evapotranspiration was
1.5e2.9 mm d�1 in the seasonal transition period (i.e., October
and May; Fig. 6d). The annual evapotranspiration and evapo-
transpiration in the growing and non-growing seasons at the
investigated wetland site were 607, 435 and 172 mm, respec-
tively. These results were similar to those found at the Arou
station in eastern Qilian Mountains (Tong et al., 2018). Yet,
they were prominently lower than those found at the Haibei
station in the eastern Qilian Mountains (Zhang et al., 2018) and
in the Fenghuoshan Mountains on the interior QTP (Xiao et al.,
2023; Zhang et al., 2023a), based on several methods, such
as PriestleyeTaylor equation, PenmaneMonteith equation,
Weighing lysimeters, and EC method (Table 2). Much lower
evapotranspiration in the growing season were observed,
ranging between 247 and 321 mm, at the alpine meadow site in
the Tanggula Mountains on the interior QTP (Table 2; Wang
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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et al., 2019b). These were probably caused by differences
in precipitation, net radiation, air and ground-surface tem-
peratures, ground surface soil moisture contents, and leaf
area index among these sites. Additionally, the main influ-
encing factors for evapotranspiration in the growing and non-
growing seasons of alpine meadows may differ. Evapo-
transpiration in the growing season is mainly influenced by
net radiation and air/ground-surface temperature, whereas
soil moisture availability/content and net radiation
are dominated influencing factors for evapotranspiration
in the non-growing season (Zhang et al., 2018; Dai
et al., 2021).

The ratio of annual evapotranspiration to precipitation was
1.5 at the investigated alpine wetland site, and similar values
were also found at the Arou station (Tong et al., 2018), in the
Tanggula Mountains (Wang et al., 2019b), at the Haibei station
(Zhang et al., 2018), and in the Fenghuoshan Mountains (Table
2) (Xiao et al., 2023; Zhang et al., 2023a). This is mainly due
to the considerably underestimated ‘observed’ precipitation,
which is also proved by the high runoff coefficients and
accumulated snow water equivalent exceeding contempora-
neous precipitation in the HMA (Miao et al., 2024). In the
HMA, ~40% of the precipitation occurs in the form of snow as
indicated by satellite radar observations (Song and Liu, 2021),
and precipitation is typically accompanied by strong winds.
The limited cross-sectional area in the precipitation collection
cylinder and the sealed bottom in traditional rain gauges cause
an upward supporting airflow to arise under windy circum-
stances (Miao et al., 2024). This hinders raindrops or snow-
flakes from entering the precipitation gauge cylinder, thereby
resulting in an underestimation of precipitation in this region.
This wind-induced instrumental error constitutes the largest
bias affecting precipitation measurements at high-altitudes (Ye
et al., 2004). Thus, it is crucial to enhance precipitation
e permafrost basin: Observations from the High Mountain Asia, Advances in



Table 2

Comparisons of evapotranspiration at the investigated alpine wetland site in the SCG permafrost basin in the HAYR with the published results of alpine weadows in

the other regions on the QTP.

Location Elevation (m) MAAT (�C) Pann (mm) Study period Method Eann (mm) Eann/

Pann

Reference

Arou station in

the Qilian Mts.

3044 �0.4 520 2014 Two-source model 520;a 408;bd 112;c 1.0 Tong et al.

(2018)

3044 �0.3 401 2015 Two-source model 551;a 422;bd 129;c 1.4 Tong et al.

(2018)

Tanggula Mts. 5170 �5.0 437 2007e2013 Weighing lysimeters 247e321be / Wang et al.

(2019b)

Haibei station in the

Qilian Mts.

3200 �1.7 684 2018e2019 Simplifed Priestley‒Taylor
equation

1050;a 768;be283;c 1.5 Zhang et al.,

2018

�1.7 684 2018e2019 PenmaneMonteith equation 937;a 805;be132;c 1.4 Zhang et al.,

2018

�1.7 684 2018e2019 Weighing lysimeters 1189;a 802;be387;c 1.7 Zhang et al.,

2018

Fenghuoshan Mts. 4809 �4.7 386 2019 EC method 475bf >1.2 Zhang et al.,

2023

�4.7 386 2019 PenmaneMonteith equation 518bf >1.3 Zhang et al.,

2023

�4.7 386 2019 Weighing lysimeters 493bf >1.3 Zhang et al.,

2023

Fenghuoshan Mts. 4809 �4.7 385 2019e2020 Weighing lysimeters 479bg >1.2 Xiao et al.

(2023)

SCG basin in the HAYR 4410 �2.9 412 2014e2015 Priestley‒Taylor equation 607;a 435;be 172;c 1.5 This study

Notes: MAAT, Pann, and Eann indicate mean annual air temperature, annual precipitation, and annual evapotranspiration, respectively. a annual; b growing season; c

non-growing season; d indicates from May to September; e June to September; f 11 April to 10 October; and g 20 April to 17 October.
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monitoring through the development of instruments that can
resist external interference such as wind and are proficient in
measuring solid precipitation (Miao et al., 2024). Addition-
ally, snow sublimation plays an important role in the Arctic
moisture budget (Liston and Sturm, 2004). Nevertheless,
compared with Arctic, snow depth is limited in the study area.
The mean annual snow depth from 1979 to 2020 in the Yellow
River Basin on the northeastern QTP was 1.0 mm (Liu et al.,
2024), and the influence of snow sublimation was not consid-
ered in this study. The high ratio of annual evapotranspiration to
precipitation also partly indicates that, besides precipitation, soil
water storage and ground ice in the active layer of the wetland
also provide water source for water consumption. Topsoil has a
strong soil water holding capacity due to the mattic epipedons in
the growing season of alpinewetlands (Zhang et al., 2023b; Yang
et al., 2014). Soil water (i.e., unfrozen water in frozen soils),
distillation and convection of water vapor, and ground ice in the
active layer of alpine wetlands could also provide water source
for evapotranspiration during the non-growing season (Hinkel
et al., 2001). From January to May, in July, and from October
to December, the deficient DS in the investigated wetland
ecosystemwas due to that evapotranspiration needs to consume a
large amount of ground-surface liquid waters, soil water, and/or
ground ice in the active layer (Hinkel et al., 2001). In short, the
high ratio of annual evapotranspiration to precipitation in
investigated alpine permafrost wetland was due to the consider-
ably underestimated ‘observed’ precipitation, the influence of
snow sublimation, and the fact that wetlands serve as water
source providers rather than consumers.
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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5.2. Variations in soil VWC in the freeze‒thaw processes
of the active layer in alpine wetlands
During the thawing and thawed periods in the active layer
of alpine wetlands and tundra, variations in VWC in the
thawed layers were mainly due to infiltration of rainfall or
meltwater (Hinkel et al., 2001; Zhao et al., 2000; Lopez et al.,
2010), downslope subsurface drainage from higher elevations
that occurred predominantly in organic soils (Woo and Marsh,
2005; Quinton et al., 2000, 2003), thawing of ground ice or
snow/ice covers (Hinkel et al., 2001), and evapotranspiration
(Zhang et al., 2018). In hummocky permafrost tundra, high
hydraulic conductivity caused preferential flow in the acrotelm
layer and subsurface slow flow in the catotelm layer (Woo and
Marsh, 2005; Quinton and Marsh, 1998; Quinton et al., 2000).
Subsurface water flow discharge, which occurred mainly
within the peat layer and could be as rapid as the ground
surface flow, was the predominant mechanism of water
migration on the permafrost-affected slopes in tundra (Quinton
et al., 2000). Considering that soil pores were seldom fully ice-
filled, infiltration into the frozen organic soils was found to be
usually unimpeded (Woo and Marsh, 2005). Evapotranspira-
tion mainly influences the variations in VWC in shallow soil
layers. Thus, in addition to the infiltration of rainfall or
meltwater in the ground thaw process of the active layer,
subsurface lateral flow is discharged downslope predominantly
through a tortuous network in alpine wetlands.

From mid-September to mid-October, soils at depths of
5e80 cm in the active layer were thawed, and there was a
e permafrost basin: Observations from the High Mountain Asia, Advances in
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progressive decline in soil VWC at depths of 40, 10, 20, 80,
and 5 cm. On the one hand, the plant roots of alpine meadows
on the QTP are mainly distributed in the mattic epipedon (Oi

horizon) at depths of 0e20 cm (Zhang et al., 2023b; Yang
et al., 2014), resulting in higher VWC at depths of 10 and
20 cm. Alternatively, the interactions among rainfall or melt-
water infiltration on the replenishment of soil VWC in shallow
layers, soil water retention, and evapotranspiration resulted in
lower VWC at a depth of 5 cm than that at depths of
10e80 cm, with lower VWC at depths of 10 and 20 cm than
that at the depth of 40 cm. The soil layer at depths of 0e20 cm
in the Oi horizon of the investigated alpine wetland profile is
also known as the mattic horizon in the Chinese Soil Taxon-
omy (Yang et al., 2014; Zeng et al., 2013; Ruehlmann and
K€oschens, 2009), which is characterized by dense grassroots,
high organic matter content, low bulk density, and soil crumb
structure. Roots at depths of 0e20 cm accounted for more than
80% of root biomass in alpine meadows on the QTP, and root
density declined rapidly with depths (Yue et al., 2015; Zhou
et al., 2005). The dense root network and soil crumb struc-
ture in the mattic horizon can significantly boost infiltration
and storage of rainfall or meltwater in meadows. Bulk density
increased gradually with depth between 0 and 80 cm in the
active layer, and it increased by 46% at depths of 60e80 cm
compared with that at depths of 0e20 cm (Fig. 3b). Bulk
density, being largely a function of soil organic matter content,
has close correlations with soil porosity and water retention
ability (Ruehlmann and K€oschens, 2009). The high organic
matter content in the mattic horizon was found to play a
dominant role in controlling soil water retention in the alpine
cold environment on the northeastern QTP (Yang et al., 2014).
Fig. 7. Relationship between unfrozen water content (q) and soil temperature (T ) at

permafrost basin in the HAYR during the ground freezing and frozen process in the

24, 2015, and the fitting parameters (q ¼ c� jT jd) (f) (The solid curves and s

respectively).
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The freeze process of the active layer includes the re-freezing
(i.e., two-way freezing) stage and the freeze-up stage (Pan et al.,
2022). As the freezing temperature of soils decreased in the
ground freeze process, unfrozen water content (q) declines non-
linearly along with the absolute value of soil temperature (|T|),
following a power function (q ¼ c� jT jd); c and d are the fitting
parameters) with median c ¼ 18.17 and d ¼ �0.75 (Fig. 7aee).
During the re-freezing stage, soil water in the unfrozen layer
between the two freezing fronts migrates to the frozen fronts in
the form of capillary water and water vapor (Hinkel et al., 2001),
and itmainlymigrates downwards (Zhao et al., 2000). During the
subsequent freeze-up stage, unfrozen water migrates upwards,
but the amount of water migration ismuch less than that in the re-
freezing stage (Zhao et al., 2000).
5.3. Possible mechanisms for slope runoff in the arid and
alpine permafrost basin
From early May to late October, the mechanisms for slope
runoff in the alpine permafrost wetlands, with well-developed
organic horizon and ice-rich mineral horizon, belong to the
‘filleandespill’ runoff generation mode (Wang et al., 2020b;
Spence and Woo, 2003). Precipitation is converted into runoff
after vegetation interception and supplementing the water
deficiency in the vadose zone in the alpine permafrost wet-
lands via surface, subsurface, and groundwater (supra-
permafrost water) flows. While vertical percolation dominates
and negligible runoff occurs in alpine steppes and desert
steppes at higher elevations in the investigated SCG perma-
frost basin, with no organic soil and ice-poor mineral soils in
the active layer (Fig. 8).
depths of 5 cm (a), 10 cm (b), 20 cm (c), 40 cm (d), and 80 cm (e) in the SCG

active layer of the investigated alpine wetland from May 25, 2014 to September

hadowy regions denote the fitting curves and the 95% confidence intervals,
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Fig. 8. The probable diagram of the mechanisms for slope runoff in the SCG permafrost basin in the HAYR on northeastern QTP, during the ground thaw process of

the active layer (modified from Woo and Marsh (2005)) from May to late October.

11WANG Q.-F. et al. / Advances in Climate Change Research xxx (xxxx) xxx

+ MODEL
During the field investigations, it has been found that sur-
face runoff is only generated under certain rainfall conditions
in alpine wetlands close to the stream in the SCG permafrost
basin from May to October; and no surface runoff occurs in
the other alpine wetlands during this period. Obviously, the
continuous runoff in the stream from May to October can
possibly come from the lateral discharge of subsurface flow in
the alpine permafrost wetlands. When the infiltration capacity
of the lower layer is significantly lower than that of the upper
layer in soils with layered structures, the infiltration water flow
will be hindered and accumulated at the interface, forming a
saturation zone and a lateral hydraulic gradient. As a result,
subsurface flow occurs, including matrix flow and preferential
flow (i.e., a non-equilibrium pipe flow conducted through soil
macropores) (Quinton and Marsh, 1998; Woo and Marsh,
2005). The organic layer in the investigated alpine wetland
contained an acrotelm layer at depths of 0e28 cm and a
catotelm layer at depths of 28e73 cm (Fig. 3a). The acrotelm is
hydrologically active, whereas the cartotelm is humified and
compacted (Quinton and Marsh, 1998; Woo and Marsh, 2005).
The SHC decreased by 66% within depths of 0e80 cm in the
investigated alpine wetland (Fig. 3c). In hummocky permafrost
terrains in Arctic tundra, the hydraulic conductivity of Histels
decreased by two to three orders of magnitude within a depth of
30 cm below the ground surface (Quinton et al., 2000), and the
hydraulic conductivity of peat soils was two to six orders of
magnitude higher than that of mineral soils (Quinton et al.,
2000). The SHC decreased by more than 90% at depths of
0e60 cm of the mat-cryic Histels in the permafrost wetlands in
the Qilian Mountains (Xiao et al., 2020). Preferential flow
mainly occurs in the acrotelm whereas slow flow occurs in the
catotelm and mineral soils (Woo and Marsh, 2005).
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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Due to the continuous flow at the watershed outlet in winter
(Fig. 2a), it is indicated that the deep aquifer discharges from
weathered bedrocks or probably some small faults beneath the
‘exposed black soil spots’ along the lower part of north branch
of the stream. From late May through October, the deep
aquifer may also receive discharge from subsurface flow,
runoff, precipitation infiltration, and supra-permafrost water in
alpine wetlands (Fig. 8). Upward groundwater flow from
aquifer of the taliks might also replenish the runoff in autumn
in the discontinuous permafrost zone. Nevertheless, alterations
in hydraulic heads and hydraulic gradients in the aquifer of the
taliks in the SCG permafrost basin are not investigated in this
study. In addition, the scale of hydrology may also lead to a
certain degree of uncertainty in runoff, that is, the runoff of the
small catchment, especially the subsurface flow, may also
come from the surrounding area of the catchment.

When the soil VWC of the active layer is close to saturation in
the vadose zone of the wetlands, surface flow may occur in the
low relief through the marsh‒depression‒channel pathways
flowing to the basin outlets (Quinton et al., 2003).As indicated by
the two-componentmixingmodel ofd2Hvalues in the stream, the
average contribution of new water (i.e., precipitation) and old
water (i.e., soil water and supra-permafrost water) to the stream
from mid-July to late August was 2% and 98%, respectively, on
the permafrost hillslope of alpinewetland in theBinggouBasin in
the Qilian Mountains (Xiao et al., 2020). Additionally, old water
mainly originated from shallow subsurface flow at depths of
30e60 cm in alpine wetlands (Xiao et al., 2020). Deterministic
hydrological models revealed that, the contributions of surface,
subsurface, and supra-permafrost water flows to runoff in alpine
wetlands from summer to autumn in the Binggou Basin, were
7%, 65%, and 28%, respectively (Yang et al., 1992). Lateral
e permafrost basin: Observations from the High Mountain Asia, Advances in



12 WANG Q.-F. et al. / Advances in Climate Change Research xxx (xxxx) xxx

+ MODEL
subsurface flow dominated runoff during rainfall periods in
tundra and subarctic permafrost environments, with most of flow
passing through the organic layer, whereas negligible runoff was
generated on slopeswithout organic soils in the active layer in the
Wolf Creek Basin, Yukon (Woo and Marsh, 2005). Similarly,
subsurface flow was important in runoff in cold alpine basins (Li
et al., 2014, 2019) and forested catchments (Lischeid, 2008;
McGuire and McDonnell, 2010). Hydrology observations indi-
cated that the subsurface flow on the north slope of the subalpine
meadow accounted for 94.5% of the total runoff in the Qinghai
Lake Basin (Hu et al., 2020). In brief, precipitation is probably
converted into runoff mainly in the form of lateral subsurface
flow through the organic layer in alpinewetlands from earlyMay
to late October in the investigated SCG permafrost basin (Fig. 8).

From mid-April to late May, the active layer thawed at a
shallow depth. When heavy and continuous precipitation oc-
curs, the soils of the thawed layer in alpine wetlands rapidly
approach saturated. With the permafrost as an aquitard, rapid
runoff will occur on the slope of alpine wetlands, including
subsurface flows and surface/overland (in alpine wetlands
close to the stream). In late autumn to late winter, as fountains
and groundwater recharge streams, fountains and groundwater
usually overflow the ground surface due to ground freezing,
and shortly, the ground freezes up to form aufeis (Zhou et al.,
2007). The melting aufeis also affect the runoff processes in
the spring season, as reported in the Colville River basin on
the North Slope of Alaska (Walker and Hudson, 2003).
Consequently, the heavy and continuous precipitation as well
as the aufeis/icing and/or ground ice meltwater quickly
replenish the stream in the forms of surface and subsurface
flows, forming the spring floods.

From mid-May to mid-September, precipitation mainly
infiltrates as subsurface flow (especially preferential flow)
(Woo and Marsh, 2005), replenishing soil moisture, supra-
permafrost water and groundwater in the deep aquifer, in
addition to vegetation interception and evapotranspiration
consumption (Fig. 8). The VWC at depths of 0e20 cm showed
severe fluctuations due to rainfall events (Fig. 5a and c). With
the plant roots of alpine meadows being primarily concen-
trated in the organic horizon at depths of 0e20 cm (Yue et al.,
2015; Zhou et al., 2005), higher SHC of the organic horizon
led to soil preferential flow to quickly replenish the soil water
close to the root zone (Quinton and Marsh et al., 1998; Woo
and Marsh, 2005). Additionally, increased transpiration dur-
ing the growing season improved root water retention. As the
active layer gradually thawed from top down, the storage ca-
pacity of the basin increased, and the runoff at the basin outlet
notably declined in late May and early June (Fig. 2b). From
early June to September, the northeastern QTP experienced a
rainy season, and the soil VWC of alpine wetlands was high as
a result (Fig. 5a and c). From mid-September to late October,
the active layer gradually approached its maximum thaw depth
in alpine wetlands, with the VWC close to saturation at depths
of 0e73 cm (Fig. 5c). When heavy and continuous rainfall
occurs, runoff occurs rapidly on the slopes of alpine wetlands
and quickly recharges the stream, especially through subsur-
face flows, resulting in the autumn floods (Fig. 2b, 5a and 5c,
Please cite this article as: WANG, Q.-F et al., Water budgets in an arid and alpin
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and 8). In mid-to late October, the active layer began to re-
freeze. As liquid water freezes into ground ice, the volume
of the active layer expands, subsequently squeezing the space
between soil pores (Cheng et al., 2017). Under certain con-
ditions, the freezing front can move like a piston, and the bi-
directional ground freezing will accelerate the drainage of the
partial or full artesian supra-permafrost water (Cheng et al.,
2017). This may also increase runoff at the basin outlet to
some extent.

6. Conclusions

(1) Unlike the seasonal frost regions, the runoff curve in the
SCG permafrost basin in the HAYR exhibited a bimodal
distribution, i.e., spring and autumn floods. Spring flood
in mid-April to late May is mainly due to heavy and
continuous precipitation as well as the aufeis/icing
meltwater, while autumn flood in mid-September to late
October is caused by heavy and continuous rainfall.

(2) The high ratio of annual evapotranspiration to precip-
itation (>1.0) in the investigated wetland is mainly due
to the considerably underestimated ‘observed’ precipi-
tation caused by the wind-induced instrumental error
and the neglect of snow sublimation. Except the
enhanced water storage in the wetland ecosystem in
June, August and September, it was all deficient in
other months during the investigated periods.

(3) The stream runoff from early May to late October
probably comes from the lateral discharge of subsurface
flow in alpine wetlands in the investigated SCG
permafrost basin.
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