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ARTICLE INFO ABSTRACT

Keywords: Observation data of the hydrothermal processes in the active layer are vital for the verification of permafrost
Lower limit of permafrost (LLP) formation and evolution, eco-hydrology, ground-atmosphere interactions, and climate models at various time
Active layer processes and spatial scales. Based on measurements of ground temperatures in boreholes, of temperatures and moisture
Peatlands

contents of soils in the active layer, and of the mean annual air temperatures at the Qilian, Yeniugou and Tuole
meteorological stations in the upper Heihe River Basin (UHRB) and the adjacent areas, a series of observations
were made concerning changes in the lower limit of permafrost (LLP) and the related hydrothermal dynamics of
soils in the active layer. Because of the thermal diode effect of peat soils, the LLP (at 3600 m) was lower on the
northern slope of the Eboling Mountains at the eastern branch of the UHRB than that (at 3650-3700 m) on the
alluvial plain at the western branch of the UHRB. The mean temperature of soils at depths of 5 to 77 cm in the
active layer on peatlands was higher during periods with subzero temperatures and lower during periods with
above-zero temperatures in the vicinity of the LLP on the northern slope of the Eboling Mountains than those at
the LLP at the western branch of the UHRB. The thawing and downward freezing rates of soils in the active layer
near the LLP on the northern slope of the Eboling Mountains were 0.2 and 1.6 times those found at the LLP at the
western branch of the UHRB. From early May to late August, the soil water contents at the depths of 20 to 60 cm
in the active layer near the LLP on the northern slope of the Eboling Mountains were significantly lower than
those found at the LLP at the western branch of the UHRB. The annual ranges of soil temperatures (ARSTs), mean
annual soil temperatures (MASTSs) in the active layer on peatlands, and the mean annual ground temperature
(MAGT) at a depth of 14 m of the underlying permafrost were all significantly lower near the LLP on the
northern slope of the Eboling Mountains. Moreover, the thermophysical properties of peat soils and high
moisture contents in the active layer on peatlands resulted in the lower soil temperatures in the active layer close
to the LLP on the northern slope of the Eboling Mountains than those found at the LLP at the western branch of
the UHRB in the warm season, especially at the deeper depths (20-77 cm). They also resulted in the smaller
freezing index (FI) and thawing index (TI) and larger FI/TI ratios of soils at the depths of 5 to 77 cm in the active
layer near the LLP on the northern slope of the Eboling Mountains. In short, peatlands have unique thermo-
physical properties for reducing heat absorption in the warm season and for limiting heat release in the cold
season as well. However, the permafrost zone has shrunk by 10-20 km along the major highways at the western
branch of the UHRB since 1985, and a medium-scale retrogressive slump has occurred on the peatlands on the
northern slope of the Eboling Mountains in recent decades. The results can provide basic data for further studies
of the hydrological functions of different landscapes in alpine permafrost regions. Such studies can also enable
evaluations and forecasts the hydrological impacts of changing frozen ground in the UHRB and of other alpine
mountain regions in West China.
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1. Introduction

Many rivers originate from the cold regions in West China. Thus, as
the “water towers”, they provide the main water sources for the semi-
arid and arid areas. In the context of climate warming and drying, cold
regions hydrology has become a major research focus recently (e.g.,
Peterson et al., 2002; Ding and Xiao, 2013). Studies on the hydrological
functions of different landscapes in cold regions provide an important
scientific basis for the planning and utilization of regional water re-
sources and environmental restoration (Wang et al., 2009a; Chen et al.,
2014). However, relevant studies are very limited so far, those in per-
mafrost regions in particular.

In recent decades, changes in the distribution of permafrost and
taliks and in the seasonal freeze-thaw cycles have dramatically changed
the hydrology and hydrogeology in cold regions (e.g., Serreze et al.,
2000; Carey and Woo, 2001; Yang et al., 2004a; ACIA, 2005; Hinzman
et al., 2005; Jorgenson et al., 2006; Gruber and Haeberli, 2009; Cheng
and Jin, 2013; Zhang et al., 2013a). These changes in permafrost and
freeze-thaw regimes have important effects on the runoff generation
and peak flows, on the annual and interannual variations in flow pro-
cesses, and on the dynamics for the recharge, flowpaths and discharge
of groundwater.

Frozen ground hydrology is key in linking the eco-hydrological
processes of cold regions (e.g., Cheng and Zhou, 1988; Woo et al., 2008;
Cheng and Jin, 2013). Observational data of the hydrothermal pro-
cesses in the active layer are vital for the verification of permafrost
formation and evolution, eco-hydrology, ground-atmosphere interac-
tions, and climate models at various time and spatial scales (e.g., Saito
et al., 2007). The degradation of frozen ground, as induced by climate
change and human activities, has resulted in ground warming and
deepening active layer, rising of the lower limit of permafrost (LLP)
(e.g., Jin et al., 2000, 2006; Cheng and Wu, 2007; Zhao et al., 2010; Wu
et al., 2015) and reduction in the maximum depths of seasonal frost
penetration (Wang et al., 2015a; Qin et al., 2016). Such degradation has
significantly changed the eco-hydrogeological environment in cold re-
gions, and will certainly have important impacts on the hydrological
processes and water resources dynamics in the headwaters of major
rivers in the future. These effects will include the lowering of the su-
perpermafrost water table, increases in the thickness of vadose zones
(Cao et al., 2003), shifts in aquifer permeability and water-holding
capacity (Bense et al., 2009, 2012), enhanced infiltration of precipita-
tion and groundwater recharge to base flows (Qin et al., 2016; Gao
et al., 2016), slight enhancements of surface hydrological processes
(Lan et al., 2015), changes in spring vegetation green-up dates (Piao
et al., 2011; Zhang et al., 2013b; Qin et al., 2016), and the overall
degradation of alpine ecosystems (e.g., Jorgenson et al., 2001; Zhao and
Zhou, 2005; Wang et al., 2006; Yi et al., 2011, 2014; Wang et al.,
2016a). Therefore, questions concerning the processes and mechanisms
by which permafrost responds to climate change over different spatial
and temporal scales, and the influences of thawing ground ice on hy-
drological cycles and water resources, are pressing issues in the field of
cold regions hydrology (Cheng and Jin, 2013).

In the upper Heihe River Basin (UHRB) of the Qilian Mountains on

NE Qinghai-Tibet Plateau (QTP), the alpine cryosphere above
3600 m a.s.l. is the main runoff-generation area, which produces >
80% of the river runoff (Kang et al., 2008; Wang et al., 2009a). From
1960 to 2013, the volumes of runoff in the UHRB were on the rise, and
mainly due to the increased base flow (Qin et al., 2016). Moreover, the
recession coefficients of runoff at the Yingluoxia Hydrological Station
(at the piedmont of the UHRB) showed a significant spike over the
previous 50 years (Niu et al., 2011).

Similar trends were also found in the Lena, Yenisei and Ob river
basins in Siberia (e.g., Peterson et al., 2002; Ye et al., 2003; Yang et al.,
2004a, 2004b; Zhang et al., 2005). Qin et al. (2016) proposed that the
increases in precipitation and the decreases in maximum depths of
seasonal frost penetration were the major contributors for the increased
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base flow. It has been presumed that this increase in base flow may be
due to rising precipitation and to increased infiltration and storage
capacity of the active layer soils, as a result of the deepening active
layer thickness under a warming climate (e.g., Serreze et al., 2000;
Zhang et al., 2005; Ye et al., 2009; Niu et al., 2011; Zhang et al., 2013a;
Wang et al., 2015b; Qin et al., 2016).

Recently, observations and simulations have been carried out in the
Binggou sub-basin of the UHRB on the freeze-thaw processes, stream
flows, and the effects of snow cover and organic matter on these hy-
drological processes (Zhang et al., 2013c; Zhou et al., 2013, 2014). In
the Hulugou sub-basin, the hydrothermal processes in the active layer
in alpine cold desert and paludal alpine meadow were observed and
simulated, and the alpine cold desert zone was identified as the main
runoff generation area in the UHRB (Yang et al., 2013; Chen et al.,
2014). A number of reports have been published on the characteristics
of permafrost (Wang et al., 2013), the freeze-thaw process of soils in the
active layer (Yang et al., 2013; Wang et al., 2016b; Cao et al., 2017), the
effects that snow cover and organic matter have on active layer freeze-
thaw processes and stream flow regimes (Zhang et al., 2013c; Zhou
et al., 2013, 2014), the hydrological functions of several representative
underlying surfaces (Chen et al., 2014), and the contribution of ground-
ice meltwater to stream-flows (Li et al., 2014, 2016). Other studies have
examined the physical and chemical properties of soils, and the effects
of these properties on the carbon and nitrogen dynamics of soils in the
active layer and shallow permafrost (Mu et al., 2015, 2016). However,
the conditions and changes in the LLP, and the hydrothermal processes
of soils in the active layer at the LLP, remain unclear in regard to the
UHRB.

The aims of this study are as follows: (1) to clearly identify the LLP
at the eastern and western branches of the UHRB, and to discuss the
possible eco-hydrological impacts of permafrost degradation; (2) to
explore changes in the hydrothermal dynamics of soils in the active
layer in the vicinity of the LLP, and to determine how these dynamics
influence the elevations of the LLP. The results of this study can provide
basic data for further studies on the hydrological functions of different
landscapes in alpine permafrost regions, and for evaluation or forecasts
concerning the hydrological impacts of frozen ground degradation in
the UHRB and in other alpine mountains in West China.

2. Study area and data
2.1. Study area

The Heihe River Basin is located on the northern flank of the Qilian
Mountains, on the northeastern margin of the QTP. This basin has a
main stream length of ~819 km and a drainage area of 1,432,000 km?
(Li et al., 2013). The area ranges between 97.1°-102.0°E (eastern
longitudes) and 37.7°-42.7°N (northern latitudes). The UHRB, with an
elevation ranging between 1600 m and 5400 m a.s.l., has a (sub-)alpine
semi-arid climate. The mean annual air temperature (MAAT) is lower
than 2°C, and the annual precipitation ranges from 200 mm to
700 mm, increasing eastwards and with elevation.

The vegetation is characteristic of temperate mountain forest
steppes and meadows, with a scattered but widespread presence of
shrublands and forests. The vertical zonation of soil and vegetation is
evident. Under the constraints of hydrothermal conditions closely re-
lated to elevation and slope, the soils can be divided into three major
types, i.e., the alpine, subalpine and piedmont hilly soil types. The al-
pine soils develop on the terrains of ice and snow, steppes, wetlands,
alpine meadows and barren lands. The landscapes in subalpine areas
include forests, meadows, steppes, semi-deserts and deserts. The pied-
mont hilly soil type appears in the desertified steppes and desert areas.
The annual average runoff at the Yingluoxia Hydrological Station of the
UHRB, with a total catchment area of 10,009 km?2, is 1.6 x 10*° m?,
with unnoticeable intra-annual variability (Li et al., 2009) (Fig. 1).
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Fig. 1. Location of boreholes and active layer process sites in the UHRB.

2.2. Experimental design and data sources

In June and July 2011, seven boreholes (PT1, PT2, PT3, PT4, PT7,
SF5 and SF6), with depths of 20 to 100 m, were drilled between the
Reshui Daban (Pass) and the access road to the asbestos mine along the
Qinghai Provincial Highway No. S204 on the alluvial plain at the
western branch of the UHRB. Another borehole (EB-a), with a depth of
20 m, was drilled on the northern slope of the Eboling Mountains in late
March 2012 (Fig. 1). Two observation sites for the active layer pro-
cesses, AL7 and EB, were established in early October 2012, near the
boreholes PT7 and EB-a, respectively, for monitoring soil temperatures
and water contents in the active layer (Figs. 1-2). The EB site was lo-
cated on a peatland on the northern slope of the Eboling Mountains.
The vegetation type was alpine paludal meadow with 97% coverage by
the dominant species of Kobresia tibetica Maximowicz, dotted with a
number of turf hummocks. The AL7 site was located on an alluvial
plain, covered by in alpine steppe with 80% coverage by the dominant
species, Kobresia pygmaea C. B. Clarke (Fig. 2). Additional information
on these two sites is shown in Table 1. The air temperatures at these
sites were also observed starting in early October 2012.

Ground temperatures were monitored by thermometer cables per-
manently installed in boreholes, assembled and calibrated by the State
Key Laboratory of Frozen Soils Engineering, with an accurate of better
than 0.05 °C. The reading was taken manually at monthly intervals.

The temperatures and water contents of soils in the active layer

were measured by using the 109 Temperature Probes and CS616 Water
Content Reflectometer (Campbell Scientific, Inc.). The CR1000 data
logger (Campbell Scientific, Inc.), powered by solar panels through
batteries, was used for data acquisition. Lithology and installation
depths of these soil temperature and water content probes at the AL7
and EB sites are shown in Fig. 3. It should be noted that only the vo-
lumetric content of unfrozen water could be measured by the CS616
probes. Air temperatures were measured by using the HOBO Pro V2
(U23) (Onset Computer Corporation) placed in a thermometer shelter.
The range and error of the above-described instruments were presented
by Wang et al. (2016b). All of the observation steps were set at 30 min
in duration.

In order to compare the difference in hydrothermal processes of
soils in the active layer for the EB and AL7 sites, AT, AW, the freezing
index (FI) and the thawing index (TI) of soils in the active layer are
calculated using following formulas:

AT = Tgpi — Tarzi (@)
AW = Wepi — Warzi 2)
where AT; and AW; are the difference in soil temperature and water

content for the EB and AL7 sites, respectively; the i is the depth number
of soil temperature and water content in the active layer.
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Fig. 2. Photos of the EB (A) and AL7 (B) active layer process sites.

Nr
FI =Y ITl, T < 0°C
i=1 3)

where FI is the freezing index of soils in the active layer; the i is the day
number when the daily soil temperature is below freezing, i = 1, 2, ...
NF.

Nr
TI =) IT, T > 0C
i=1 “4)

where TI is the thawing index of soils in the active layer; the i is the day
number when the daily soil temperature is above freezing, i = 1, 2, ...
NT.

Dry density and moisture contents of soils (percent by mass, as
measured by the oven drying) from wellbores were determined at the
Key Laboratory of Western China's Environmental Systems (Ministry of
Education), Lanzhou University. The MAATs at the Qilian, Yeniugou
and Tuole meteorological stations in the UHRB were calculated for the
period from 1955 to 2015 based on monthly air temperatures provided
by the China Meteorological Administration.

3. Results
3.1. LLP and other features of permafrost in the UHRB

With a decreasing elevation from 4132 m to 3700 ma.s.l., the
MAGT increased gradually from — 1.8 °C (at borehole PT1) to — 0.1 °C
(at borehole PT5) at the western branch of the UHRB, and the perma-
frost thinned from > 100 m to ~12 m. The MAGT was 0.7 °C at an
elevation of 3649 m a.s.l., and 2.1 °C at an elevation of 3609 m a.s.l.
Seasonally frozen ground occurred at boreholes SF5 and SF6 (Fig. 4).
When synthesized with the data from previous geophysical sounding
and pit excavations, these measurements indicated a LLP at elevations
between 3650 m and 3700 m a.s.l. on the alluvial plain at the western
branch of the UHRB. At similar elevations, permafrost was absent on
the southern slope of the Eboling Mountains at the eastern branch. On
the northern slope of the Eboling Mountains, the LLP was at an

Table 1

C EB site D C AL7 site D

s — ——
A A
20 A < A 1
40 ~ A < A ) ot
silty loam
5 60+ < A < (I
< loamy sand
% A . o
2 80+ A <
sand
100
/\ Temperature
120 - A <« Water content
140 - A

Fig. 3. Lithology and installation depths of soil temperature and water content probes at
the EB and AL7 active layer process sites.

elevation of 3600 m a.s.l. However, occasionally islanded patches per-
mafrost occurred at elevations of above 3400 m a.s.l. under very fa-
vourable conditions.

The ground temperature profile of borehole PT5 showed a perma-
frost thickness of ~12 m. At about the same elevation on the northern
slope of the Eboling Mountains, measurements from the borehole EB-a
indicated a permafrost thickness of > 20 m, due to the zero geothermal
gradient at depths below 7 m. The ground temperatures at depths of 2
to 20 m at borehole EB-a were 0.5 to 0.9 °C lower than those at bore-
hole PT5 (Fig. 4). It is thus estimated that the northern slope of the
Eboling Mountains have a thicker permafrost and a lower MAGT than
areas of the similar elevations. Although the MAAT at the EB site was
1.7 °C higher than that at the AL7 site, the mean annual soil tempera-
tures (MASTs) at depths of 5-77 cm in the active layer were 0.6-1.5 °C
lower than those at the AL7 site (Fig. 10). These findings raised

Metadata for the EB and AL7 active layer process sites in the alpine permafrost region in the UHRB.

Sites Lat. Elev. (ma.s.l.) MAAT(°C) ARSTs (°C) ALT (m) MAGT (°C) Vegetation type
/Long.

EB 100°54.98’ E 3691 —-24 19.6 0.8 -0.8 alpine paludal meadow
37°59.87" N

AL7 99°1.55'E 3700 —-4.1 28.4 3.9 -0.1 alpine steppe
38°48.33' N

ARSTs is annual range of soil temperature (ARST) at a depth of 5 cm.
ALT, active layer thickness.
MAGT, mean annual ground temperature at a depth of 14 m.

MAAT and ARSTs are calculated from the daily data collected from 1 January to 31 December 2013.
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Fig. 4. Ground temperature profiles at boreholes in the UHRB in 2012-2014.

questions concerning the reasons for these
ground and air temperatures at the two sites.

relationships between

3.2. Hydrothermal processes of soils in the active layer in the UHRB

3.2.1. Seasonal divisions of freeze-thaw processes of soils in the active layer

The hydrothermal processes of soils in the active layer can be di-
vided into the thaw process (TP), freeze process (FP), cooling process
(CP) and warming process (WP) (Hinkel and Nicholas, 1995;
Osterkamp and Romanovsky, 1997; Romanovsky and Osterkamp, 1997;
Zhao et al., 2000; Hinkel et al., 2001; Wang et al., 2009b, 2012). To be
specific, at the EB and AL?7 sites, the CP lasts from the end of November
or early December to early March of the next year. The WP is the period
between the end of CP and the onset date for ground thaw. The TP
extends from the onset date of ground thaw (from the ground surface
downward) in late or mid-April, through the date when the active layer
reaches its maximum depth in late October. The FP consists of the time
between the date when the active layer reaches its maximum depth and

EB site
from Oct 2012 to Mar 2014

-10

the date on which the entire active layer is frozen up (Zhao et al., 2000)
(Fig. 5).

3.2.2. Dynamics of soil temperature and water content in the active layer

At the EB and AL?7 sites, soil temperatures showed a trend of de-
creasing seasonal variability with the increase of depth from 5 to 77 cm.
At the EB site, soil temperatures generally reached their lowest values
in late January to late February, and the highest values from early July
to early October. However, at the AL7 site, soil temperatures generally
reached their lowest values in mid-January, and highest in early July to
late August. Soil temperatures at depths of 5 to 77 cm at the EB site
were lower in the warm season and higher in the cold season than those
at the AL7 site. In other words, the AT was negative in the warm season
and positive in the cold season. The duration with higher soil tem-
peratures at depths of 5 to 77 cm at the EB site than those at the AL7
site (i.e., AT > 0 °C) accounted for < 1/3 of the year. In addition, the
absolute value of AT at deeper depths (20-77 cm) was greater than that
at shallower depths (5-10 cm) in the warm season (Fig. 6).
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Fig. 5. Contour map of active layer soil temperatures at the EB and AL7 sites from 8 October 2012 to 6 March 2014, and the periods of seasonal freeze-thaw processes.
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Fig. 7. Dynamics of soil water contents at different depths of 20, 40 and 60 cm in the
active layer at the EB and AL?7 sites from 8 October 2012 to 6 March 2014.

Soil water contents at depths of 20 to 60 cm at the EB and AL7 site
were higher in the warm season and lower in the cold season. From
early May to late August, soil water contents at depths of 20 to 60 cm at
the EB site were significantly lower than those at the AL7 site (i.e.,
AW < 0). Moreover, the durations of the negative AW at a depth of
60 cm were much longer than those at depths of 20 to 40 cm (Fig. 7).

4. Discussions

4.1. Influences of the thermophysical properties and moisture contents on
active layer hydro-thermal processes

The seasonal freeze-thaw processes in the active layer are closely
related to the thermophysical properties of soils, such as soil compo-
sitions, dry density, porosity and moisture contents (Zhou et al., 2000).
The thermal conductivity, diffusivity and volumetric heat capacity of
soils are closely related to dry density and moisture contents of soils
(Zhou et al., 2000). The dry density of soils at the EB and AL7 sites
varied from 0.25-0.67 to 0.86-1.91 g cm™ 3, respectively. The soil
moisture contents varied between 63% and 83% at the EB site, and
from 4.7% to 16.7% at the AL7 site, with the means at 75.6% and 8.1%,
respectively (Fig. 8). When the dry density and moisture content of soils
are same, the thermal conductivity and diffusivity of the coarse soils are
larger and the specific heat is smaller than those of the fine soils. In the
fine-grained soils, the thermal conductivity and diffusivity of peat is
smallest, and specific heat is largest (Zhou et al., 2000). This may ex-
plain for the thawing rate and maximum thawing depth in the active
layer at the EB site of one-fifth those at the AL7 site (Fig. 5). It also
results in the lower soil temperatures at depths of 5-77 cm in the active
layer at the EB site in the warm season and the higher soil temperatures
in the cold season than those at the AL7 site (Fig. 6).

Moreover, in the warm season, the soil water contents in the active
layer at the EB site on peatlands were significantly higher than those at
the AL7 site, especially at the deeper depths (20-60 cm) (Fig. 7). The
high specific heat of the water (4.12 KJ kg™ 1K~ 1 also results in the
lower soil temperatures in the active layer at the EB site in the warm
season than those at the AL7 site, especially at deeper depths
(20-77 cm) (Fig. 6).

As the temperature rose after lowering to its lowest value at the
beginning of the year, the air was warmer than ground, and the active
layer began to absorb heat from the atmosphere. In other words, this
was the WP of active layer. The heat conduction dominated in the
frozen-up active layer, and there was a convective heat transfer of both
liquid water (i.e., unfrozen water) and gaseous water (vapor), due to
the temperature and solute concentration gradients (Xu et al., 2010).
Ice-rich peat needed to absorb large amount of heat upon thawing.
Therefore, at the EB site, soil temperatures at depths between 5 and
77 cm were lower than those at the AL7 site during the WP (Fig. 6).
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As surface temperature gradually increased to ~0 °C and continued
to rise, the active layer began to thaw unsteadily, and then moved to a
stable progressive top-down thaw. Unlike at the AL7 site, soil tem-
perature at the EB site, especially at the depth of 77 cm, remained at
0 °C for a long period during the TP (i.e., zero curtain), mainly because
the phase transitions of ice to water (Fig. 5). Near-surface ground
temperatures were more susceptible to precipitation and surface eva-
potranspiration at the AL7 site. At the EB site, the thermal effects of
precipitation on soil temperatures were significantly less, due to its wet
or saturated peatland soils in the active layer (Fig. 6). Moreover, be-
cause of the thermophysical properties and water contents of peat soils,
the AW at depths of 20 to 60 cm was negative from early May to late
August, and the duration of negative AW at the depth of 60 cm was
much longer than those at depths of 20 to 40 cm (Figs. 7).

Unlike the freeze process of seasonally frozen ground, the 2-direc-
tional freezing process (i.e., downward and upward) was observed in
the active layer (Zhou et al., 2000). At the EB site, the thickness by the
downward ground freezing (of 45 cm) and freezing rate (of 4.5 cm/d)
were both significantly greater than those of the upward freezing
thickness (25 cm) and freezing rate (2.1 cm/d). In the seasonal thaw
layer at the EB site, the downward and upward freeze layers accounted
for ~64% and 36% of the active layer thickness, respectively. At the
AL7 site, the downward freeze rate was 2.8 cm/d at depths of 5 to
140 cm (Fig. 5).

In general, soil moisture migrated from downward due to gravity,
although there were contrary tendencies including top-down migration
of free water, upward migration of capillary water, evapotranspiration
and convection of water vapor in the thaw layer (Hinkel and Nicholas,
1995), and downward migration of unfrozen water in the frozen layers
(Zhao et al., 2000). In the thaw layer, both heat conduction and con-
vection (i.e., free and forced convection modes) were active, but heat
conduction was dominant in the frozen layer (Zhao et al., 2000).

In this study, 0 °C is regarded as the freezing and thawing tem-
perature of soils and water at the EB and AL7 sites. However, soil
generally doesn't freeze (or thaw) at a temperature of 0 °C in nature.
Therefore, for determining the division between the freeze-thaw pro-
cesses in the active layer and hydro-thermal dynamics, it is crucial to
carry out laboratory tests to more accurately determine the freezing and

thawing temperatures for soils at the EB and AL7 sites.

4.2. Thermal diode properties of peat soils

The unique thermophysical properties of peat soils led to lower soil
temperature in the warm season and higher soil temperature in the cold
season. In the warm season, the greater absolute value of AT at deeper
depths (20-77 cm) than that at shallower depths (5-10 cm) was also
related to ice melting in the active layer on peatlands (Fig. 6). In the
active layer at the EB site on peatlands, the FI and TI of soils were lower
at depths of 5 to 77 cm than those at the AL7 site. The FI and TI of soils
both decreased with increasing depth (Fig. 9A, D). This trend showed
that the heat exchange between ground and air decayed with the in-
creasing depth in the active layer. It is worth mentioning that the TI of
soils at depths of 60 and 77 cm at the EB site were much lower than
those at depths of 5 to 40 cm (Fig. 9D). There could be two main rea-
sons for this pattern. First, the heat absorption rate of peatlands was
slower, as peatlands had a higher specific heat and lower thermal
conductivity and diffusivity. Second, surface evapotranspiration con-
sumed large amount of latent heat in the wet or saturated surface
peatlands, and the ice-rich soil, especially near the permafrost table,
would absorb large amount of latent heat.

In addition, at the EB site, the mean temperatures of soils at depths
of 5 to 77 cm during periods with subzero and above-zero temperatures
were both significantly lower than those at the AL7 site (Fig. 9B, E).
Duration of periods with subzero soil temperatures was longer than that
with above-zero soil temperatures, especially at the EB site (Fig. 9C, F).
The FI/TI ratios of soils at the EB site were significantly higher than
those at the AL7 site, with the values being 1.2-75.1 and 0.7-0.9, re-
spectively (Fig. 9A, C). These findings indicated that over the course of
observations over a year, the active layer was mainly exothermic at the
EB site, but endothermic at the AL7 site. This pattern was best de-
monstrated by the ARSTs and MASTSs of the active layers. The ARSTs
and MASTs at the EB site were smaller than those at the AL7 site, with
the ARSTs being 4.8 to 16.6 °C and 8.5 to 23.4 °C, respectively, and the
MASTSs being — 1.2 to — 0.3 °C and 0.2 to 0.5 °C, respectively (Fig. 10).

It was also found that at the EB site, the freeze-thaw cycle in soils
led to an enhanced heat loss in the active layer on peatlands, which
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Fig. 9. The FI, TI, the mean temperature of soils during periods with subzero and above-zero temperatures, and duration of periods with subzero and above-zero soil temperatures at
different depths in the active layer at the EB and AL7 sites in the cold and warm seasons from 8 October 2012 to 31 December 2013.

Note:

showed unique thermophysical properties of reduced heat absorption in
the warm season and of reduced heat release in the cold season. That is,
the active layer helped in preserving the underlying permafrost on
peatlands.

(A) FI (freezing index);

(B) Mean temperature of soils during periods with subzero tempera-
tures;

(C) Duration of periods with subzero soil temperatures;

(D) TI (thawing index);

(E) Mean temperature of soils during periods with above-zero tem-
peratures;

(F) Durations of periods with above-zero soil temperatures.

4.3. Permafrost degradation and its possible eco-hydrological impacts

From 1957 to 2015, the MAATS at the Qilian, Yeniugou and Tuole

meteorological stations in the UHRB have all shown significant trends
of climate warming, with the average rate being 0.27-0.35 °C/10a
(p < 0.05) (Fig. 11). Based on distributed air temperature data with an
1-km spatial resolution, adjusted by the air temperature lapse rate of
6 °C/km, it was calculated that the MAATs exhibited a significant up-
ward trend from 1961 to 2014 in the Qilian Mountains, with the rate
being 0.34 °C/10a (p < 0.05) (Qin et al., 2016) (Fig. 11). This result
was consistent with the observation data collected at the three me-
teorological stations in the UHRB and the adjacent areas.

In addition, observation and simulation results of previous studies
showed increasing soil temperatures in the Qilian Mountains; the onset
dates of ground freezing were delayed; the end dates of ground freezing
advanced; the maximum depth of seasonal frost penetration declined
(especially near the LLP) (Wang et al., 2015a); the leaf area index in-
creased (Qin et al., 2016); and the vegetation green-up date advanced
(Zhang et al., 2013b). By assuming a lapse-rate of air temperature at
6 °C/km and a warming rate of 0.3°C/10a, it was calculated that
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Fig. 10. ARSTs and MASTs of the active layer soils at the EB and AL7 sites from 1 January
to 31 December 2013.

30 years ago (i.e., in 1985), the LLP on the alluvial plain was at
~3500-3550 m a.s.l. This calculation was consistent with the conclu-
sion drawn by Guo and Cheng (1983) that the LLP permafrost was at
3450-3650 m a.s.l. in the Lenglongling Mountains, South Zoulang
Mountains and on the northern slope of the Qilian Mountains. In other
words, the LLP has elevated by 100-200 m and the permafrost zone has
shrunk by 10-20 km along the major highways since 1985, and per-
mafrost will continue to degrade by ~15 to 25 km along the highways
by 2045. Therefore, it can be deduced that the LLP on the alluvial plain
will rise to 3750-3800 m a.s.l. by 2035, to 3800-3850 m a.s.l. by 2045
and to 3850-3900 m a.s.l. by 2055. This projection indicates that per-
mafrost may disappear on the alluvial plain at the western branch of the
UHRB after 40 years.

On the northern slope of the Eboling Mountains at the eastern
branch of the UHRB, the LLP was at 3600 m a.s.l., and isolated patches
of permafrost was still found at 3400 ma.s.l. This finding was
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consistent with the results by Zhu et al. (1996) and Wu et al. (2007).
However, unlike the explanations given by Zhu et al. (1996) and Wu
et al. (2007), there could be two main reasons for the basically un-
changed LLP over the previous 20 years. One reason is the unique
thermal diode property of the active layer soils on peatlands, which has
a protective effect on the underlying permafrost. Additionally, perma-
frost is ice-rich on peatlands. The average soil moisture content in the
permafrost layer at the borehole EB-a was as high as 86.7%, but that at
the borehole PT5 was only 10.4%. This set of findings indicate that the
soil moisture contents in the permafrost layer at the borehole EB-a was
7 times higher than that at the borehole PT5 (Fig. 8).

Permafrost is ice-rich on the northern slope of the Eboling
Mountains, and the phase change of ground ice requires absorbing large
amount of heat, thereby causing the so-called “latent heat effects”.
However, permafrost at the western branch alluvial plain is ice-poor
(Fig. 8), and it is therefore more susceptible to climate change, which
may lead to a more rapid elevation of the LLP. As shown by other ob-
servation results in the Arctic, Sub-Arctic and on the QTP, warming
rates are much higher for cold permafrost than warm (> — 1°C)
permafrost, and this trend in warming rates are especially prevalent for
ice-rich permafrost (e.g., Cheng and Wu, 2007; Romanovsky et al.,
2010; Smith et al., 2010; Wu et al., 2016).

Based on a study of marshes and permafrost in the Xing'an
Mountains in Northeastern China, Jin et al. (2008) proposed a me-
chanism of symbiosis between swamp and permafrost. This principle is
also applicable in the alpine permafrost regions on northeastern QTP. In
addition, the northern slope of the Eboling Mountains, on the windward
slope of the winter monsoon, is susceptible to the frequent invasions of
cold air masses, and the surface snow-melting in spring has a protective
effect on the underlying active layer and permafrost. However, a
medium-scale retrogressive slump, with a length of ~3 km, several
metres wide and ~ 2.5 m deep, has occurred in recent decades on the
peatlands on the northern slope of the Eboling Mountains (Fig. 12). The
slump indicates a more rapid permafrost degradation and will certainly
affect the eco-hydrological processes of the peatlands.

Under a warming climate, permafrost degradation and subsequent
deepening active layer have led to enhanced infiltration and greater
storage capacity of the suprapermafrost water in the active layer. These
changes have resulted in reduced surface runoffs, and increased base
flow in winter (e.g., Serreze et al., 2000; Zhang et al., 2005; Ye et al.,
2009; Niu et al., 2011; Zhang et al., 2013c; Wang et al., 2015b; Qin
etal., 2016). Chen et al. (2014) concluded that the uplift of cold regions
vegetation zones caused by climate warming could result in a higher
ratio of evapotranspiration to precipitation and smaller runoff

Fig. 11. Interannual variations in the MAAT and its trends at the

Qilian, Yeniugou and Tuole meteorological stations in the UHRB
from 1957 to 2015 and in the Qilian Mountains from 1961 to 2014
(Qin et al., 2016).
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Fig. 12. Retrogressive thaw slumps on the northern slope of the Eboling Mountains in the UHRB.

Note:

(A) Retrogressive thaw slumps seen from the higher elevation to the lower elevation;
(B) The source of retrogressive thaw slumps;

(C) The depth of retrogressive thaw slumps.

coefficients. Ye et al. (2009) and Niu et al. (2011) explained that the
hydrological impacts of permafrost degradation were also related to the
areal extent of permafrost in a watershed.

In addition, Chen and Han (2010) and Chen et al. (2014) urged that
the alpine cold desert zone, which is considered to be the main runoff
area in the UHRB, should be more systematically observed and studied.
Other researchers have recommended that the influences of snow cover
on the hydrological processes in the active layer on north-facing slope
should be closely examined (e.g., Zhang et al., 2013c; Zhou et al., 2013,
2014). However, so far they are still very limited or absent in major
Chinese mountains.

In conclusion, there is no doubt that the degradation of frozen
ground due to climate warming and increased human activities has
extensively affected the eco-hydrogeological environment in cold re-
gions. However, the specific and quantitative effects of frozen ground
degradation on the hydrological processes of watersheds have remained
unclear. Therefore, there is an urgent need to strengthen systematic,
long-term observations and research on the hydrological functions of
different landscapes in alpine permafrost regions. Only such efforts can
allow scientists to more systematically and scientifically evaluate and
more correctly predict the hydrological impacts of changing frozen
ground.

5. Conclusions

Based on careful measurements of ground temperatures in bore-
holes, of soil temperatures and water contents in the active layer and of

10

the MAAT:s at the Qilian, Yeniugou and Tuole meteorological stations in
the UHRB and the adjacent areas, a series of observations were made
regarding changes in the LLP and the related hydrothermal dynamics in
the active layer and permafrost. Analyses were conducted on the pos-
sible eco-hydrological impacts from the degrading permafrost.

The main conclusions from this investigation are drawn as follows:

(1) The LLP was now at 3650-3700 m a.s.l. on the alluvial plain at
the western branch of the UHRB in the Qilian Mountains. However,
permafrost was absent on the southern slope of Eboling at the eastern
branch. On the northern slope of the Eboling Mountains, the LLP was at
3600 m and 3400 m a.s.l,, although isolated patches of permafrost
could be occasionally encountered at lower elevations until
3400 m a.s.L.

(2) Soil temperatures at depths of 5 to 77 cm were lower in the
warm season and higher in the cold season near the LLP on the northern
slope of the Eboling Mountains than those at the LLP at the western
branch of the UHRB. In the warm season, the absolute value of AT at
deeper depths (20-77 cm) was greater than that at shallower depths
(5-10 cm). The AW at the depths of 20 to 60 cm was negative from
early May to late August, and the duration of the negative AW at the
depth of 60 cm was much longer than those at the depths of 20 to
40 cm.

(3) Because of the thermal diode effect of peat soils, the thaw rate
and downward freeze rate of the active layer on peatlands near the LLP
on the northern slope in the Eboling Mountains were 0.2 and 1.6 times
those found at the LLP at the western branch of the UHRB; the ARSTs
and MASTs of the active layer on the peatlands and the MAGT were all
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significantly lower. In short, peatland soils have unique thermophysical
properties, which help reduce heat releasing in the cold season, and
reduce heat absorption in the warm season. These properties of peat-
lands also make the underlying permafrost with a lower temperature.

(4) The FI and TI of soils at depths of 5 to 77 cm in active layer were
smaller near the LLP on the northern slope in the Eboling Mountains
than those at the LLP at the western branch of the UHRB. With in-
creasing depth, the FI and TI of soils at the two sites decreased. In
addition, the FI/TI ratios of soils near the LLP on the northern slope in
the Eboling Mountains were significantly larger than those at the LLP at
the western branch of the UHRB.
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