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ABSTRACT

Ground temperature data show that permafrost has recently been absent at a site on the southern edge of the sporadic
permafrost zone on the Tibetan Plateau (TP). A detailed survey of seasonal frost depth (SFD) and soil water content
(SWC) here is significant for understanding the hydrological response to thawing permafrost. However, little is known
about the spatial heterogeneity of SFD and SWC at the hillslope scale in this vulnerable permafrost region. Thus, high-
frequency ground-penetrating radar (GPR) was applied to a field site that varied in terms of topography (slope, aspect and
elevation) and surface environments (vegetation cover and stream presence). The GPR data and accompanying field
observations of gravimetric water content and frost depth revealed a spatial variation at the hillslope scale in SFD and
SWC, and indicated that topography, vegetation and stream distribution significantly influence the patterns observed.
The average SFD was much deeper along the north-facing slope, compared to the south-facing slope in early May,
and its thickness varied considerably with altitude along each slope. An increase in the extent of vegetation cover
correlated with decreasing SFD. The SWC at shallow depth was higher along the south-facing slope than along the
north-facing slope at the beginning of the thawing period. For slopes of both aspects, the SWC vertical profiles exhibited
a similar variability, with SWC decreasing with depth, but at different rates. This study demonstrates that GPR provides
an appropriate method for quantifying SWC at the hillslope scale on the TP. Copyright © 2015 JohnWiley & Sons, Ltd.
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INTRODUCTION

Permafrost has been extremely sensitive to climate warming
in recent decades on the Tibetan Plateau (TP) (W. M. Cheng
et al., 2012), particularly at the southern and northern
boundaries of the sporadic permafrost zone. The lower alti-
tudinal limit of permafrost has risen by 25 m to 4385 m asl
in the north of the TP over the last 30 years (Wu et al.,
2005). In the south, Wang et al. (2000) have indicated that
the sporadic permafrost zone has moved northwards by 12
km and the lower altitudinal limit has increased in elevation
by 40–80 m since the 1970s. Permafrost degradation may
have affected hydrological and thermal processes near
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the ground surface and contributed to lowering of the
groundwater tables and shrinking grasslands across the TP
(Cheng and Wu, 2007; Yang et al., 2010). Therefore, a de-
tailed survey of soil water content (SWC) and related fea-
tures such as seasonal frost depth (SFD) at the margin of
the sporadic permafrost zone is important to elucidate the
TP’s hydrological response to thawing permafrost.

Previous studies (Ishikawa et al., 2005; Frauenfeld and
Zhang, 2011; Zhao et al., 2013) have characterised
near-surface SFD and SWC at the southern boundary of
the sporadic permafrost zone using invasive point-based
measurements. From these measurements, Ishikawa et al.
(2005) reported that south-facing pasture slopes underlain
by seasonally frozen ground have dry, well-drained soils,
whereas north-facing forested slopes at the southern
boundary of the discontinuous permafrost zone in northeast
Mongolia have a wet active layer above permafrost. Invasive
point-based measurements, however, only provide limited
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subsurface information (e.g. 0.01–1.0 dm3) and result in unex-
pected biases and complications while up-scaling. In addition,
the influence of topographic (aspect, slope and elevation) and
surficial conditions (e.g. vegetation cover) on SFD and SWC
needs further study in the vulnerable permafrost region.
GPR is a non-invasive, real-time technique which pro-

vides high-resolution and spatially continuous information.
At the field scale, GPR is ideal for near-surface investiga-
tions of SFD and SWC, because of the strong contrasts in
dielectric number between frozen and unfrozen wet mate-
rials (Arcone et al., 1998; Hinkel et al., 2001; Moorman
et al., 2003; Hauck, 2013). GPR has been used successfully
to detect subsurface patterns (e.g. SWC and freeze-thaw
conditions) in permafrost regions. For instance, Gacitúa
et al. (2012) detected the depth and water content of the ac-
tive layer under different vegetation types in high Arctic
ecosystems using high-frequency GPR. Steelman and
Endres (2012) further refined their analysis of the shallow
soil moisture profile and underlying vadose zone conditions
during seasonal freeze-thaw cycles by integrating direct
ground wave (DGW) and normal-moveout (NMO) velocity
data from GPR common-midpoint (CMP) soundings.
Multi-channel GPR was also applied at a permafrost site
on the TP to investigate the influence of surface properties
and soil texture on late-summer thaw depths and SWC
(Wollschläger et al., 2010).
The application of GPR to studies of permafrost sites ap-

pears particularly apposite in high-latitude and/or elevation
regions (Wu et al., 2005; Kneisel et al., 2008; Munroe
et al., 2007; Westermann et al., 2010; Ma et al., 2012).
The factors that influence the spatial distribution of SWC,
and the processes that those factors are related to, are well
known. The problem is a current inability to capture the spa-
tial heterogeneity of the related factors at the scale of interest
using invasive techniques. GPR can practically be applied at
Figure 1 Location map of the Amdo catchment field investigation area on the sou
matic weather station. A and B stand for south- and north-facing slope respectively.

Copyright © 2015 John Wiley & Sons, Ltd.
the intermediate scale (some tens of metres up to a few
kilometres); this includes the hillslope scale. In this respect,
only a few studies (Westermann et al., 2010; Wollschläger
et al., 2010; Gacitúa et al., 2012; Pan et al., 2014) have
mapped the influencing factors and conditions at a resolution
sufficient to provide a better insight into hillslope-scale
processes.

The objective of this research is to apply high-frequency
GPR to characterise SFD and SWC at a site on the southern
boundary of the TP’s sporadic permafrost zone. The spatial
patterns of SFD and SWC are displayed at the hillslope
scale. Seasonal freeze-thaw processes are also discussed.
In addition, changes observed in SFD and SWC are
discussed with respect to the topographic and surface envi-
ronmental conditions observed at the survey site.
MATERIALS AND METHODS

Site Description

The experimental field site is located in the Amdo
catchment (Figure 1), near the Tanggula Pass along the
Qinghai-Xizang Railway (91°37 ̍’E, 32°14’N, approxi-
mately 4700 m asl). A seasonal stream runs through the val-
ley and the site is about 6.5 km southwest of the town of
Amdo. An automatic weather station (AWS) was set up in
the watershed and a soil temperature and moisture monitor-
ing station (STMMS) was installed to measure conditions at
ten different depths, from 0 to 500 cm, below the ground
surface near the AWS. The topsoil at the STMMS site had
a high organic carbon content (mean value of 3.1%), which
gradually decreased with depth (0.2–0.4% below 50 cm).
Sand was the dominant component of the< 2 mm grain size
fraction, ranging from 68.4 to 86.1 per cent at 0–500 cm
thern margin of the Tibetan Plateau’s sporadic permafrost zone. AWS: Auto-
This figure is available in colour online at wileyonlinelibrary.com/journal/ppp
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depth; the clay content was consistently less than 5 per cent
throughout the profile (Table S1 in the Supplementary
Material). Soil texture components along the hillslope
(see A and B in Figure 1) are variable (Table S2 in the
Supplementary Material), which indicates a large spatial
heterogeneity and would influence the soil moisture and
vegetation cover.
In the study area, the average annual precipitation and air

temperature from 1966 to 2009 were 400 mm and -2.6°C,
respectively (Ma et al., 2014). The mean snow depth and
number of snow days in recent decades were 13.6 cm and
40.2 days per annum, respectively. You et al. (2011) re-
ported that the depth and duration of winter snow have de-
creased since the 1980s across the whole TP. Wind along
the valley generally varies diurnally, except when a strong
weather system prevails. The ground surface is characterised
by bare soil in the pre-monsoon dry season and scattered
short grasses during the summer monsoon season. The
dominant vegetation, with 10–50 per cent coverage, is Stipa
glareosa.
The southern extent of permafrost in the region has

retreated 16 km northward towards Amdo since 1978
(G. D. Cheng et al., 1993). At one borehole monitoring
site (91°42’E, 32°23’N, 4786 m asl) near Amdo, the ac-
tive layer thickness has increased by up to 12.4 cm/yr be-
tween 1998 and 2007 (Wu and Zhang, 2010). The soil
temperature below a depth of 220 cm at the STMMS site
always exceeded 0°C between 1 January 2012 and 30
October 2013 (Figure 2), illustrating that there was no
permafrost close to the AWS. Permafrost degradation is
thought to be highly sensitive to local climate variation
in this region (Cheng and Wu, 2007).
Data Collection and Analysis

GPR measurements were conducted during seasonal freeze-
thaw cycles at six spatially discrete sites and on two typical
hillsides with south- and north-facing slopes. The relevant
geographical and surface information is presented in Table 1
Figure 2 Ground temperatures recorded near the automatic weather station
between 1 January 2012 and 30 October 2013. This figure is available in

colour online at wileyonlinelibrary.com/journal/ppp
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and Figure 3, respectively. At the beginning of the thawing
and freezing periods (9 May and 15 October 2012) (1 and 3
in Figure 4), reflection profiles and CMP soundings were re-
corded, at the same time, along a 3 m fixed survey line at
each of the six GPR sites (1–6 in Figure 1). This allowed
the SWC patterns under different topographical and surficial
conditions to be compared in early summer and late autumn.
To further explore the seasonal freeze-thaw cycles in this re-
gion, site 1 was also surveyed on 24 May and 29 October in
2012 (2 and 4 in Figure 4).

To improve our understanding of the SFD and SWC
patterns on opposite slopes within the area, GPR data were
also collected from the bottom to the top of south- and
north-facing slopes (see A and B in Figure 1) on 9 May
2013. The reflection lines were 600 m long (see red lines
in Figure 3) and five corresponding CMP soundings were
taken at 150 m intervals on both slopes (see A1–A5 and
B1–B5 in Figure 3).

The GPR data for this study were collected using a
PulseEKKOTM 1000 GPR system equipped with 250 MHz
shielded antennas (Sensors & Software Inc., Mississauga,
Ontario, Canada). The readings were measured using a time
window of 120 ns, a sampling interval of 0.4 ns and 32
stacks per trace. The survey was conducted using a step size
of 0.5 m for the reflection line and 0.1 m increments from 0
to 3 m for CMP data.

The GPR data were processed using the EKKO View
Deluxe software program (Version 1 Release 4, Sensors &
Software Inc.). The data-sets were dewowed using the
software’s default time windows to remove low-frequency
signal saturation arising from the radar equipment. Time-
zero drift correction was incorporated into each survey.
Band-pass frequency filtering with corner frequencies of
50, 100, 500 and 750 MHz was also applied to the raw data.
Spreading and exponential compensation gains compen-
sated for spherical spreading losses and the exponential
ohmic dissipation of energy was reflected throughout the
data. Topographical correction was taken into account
during the hillslope GPR image interpretation. Finally, the
colour density and transparency for each radar profile
were adjusted individually for visualisation purposes
(Ma et al., 2012).

Accurate interval velocities cannot be obtained from sin-
gle channel measurements alone. However, we can use the
information from NMO velocity analysis of the CMPs to in-
terpret the profile measurements more accurately in compar-
ison to the reflection profiles (Steelman et al., 2010;
Steelman and Endres, 2012). Thus, strong reflection inter-
faces and soil dielectric numbers were both evaluated
through the velocity analysis of CMP data for each position;
the reflection profiles for each site were used as auxiliary ref-
erences. The analysis procedure is exemplified in Figure 5.
Three reflection events were identified from the reflection
survey (Figure 5a), and corresponding CMP soundings
(Figure 5b) were collected on 24 May 2012 at site 1. A sem-
blance plot (Figure 5c) was generated from the CMP sound-
ing data to determine NMO velocity and two-way travel time
values corresponding to the three reflection events. The
Permafrost and Periglac. Process., 26: 321–334 (2015)



Table 1 Geographical information and surface conditions at the GPR observation sites.

GPR site Location Elevation (m a.s.l.) Slope Aspect Ground surface condition

1 32°14′ 28.88″ 4657 Flat Grassland
91°37′30.04″

2 32°13′43.24″ 4642 Flat Grassland and
near a stream91°35′21.14″

3 32°16′24.01″ 4738 Medium South facing Grassland
91°35′58.40″

4 32°15′10.65″ 4666 Medium North facing Grassland
91°39′30.16″

5 32°16′28.72″ 4767 Steep South facing Sparse grass
91°35′57.43″

6 32°15′09.23″ 4774 Steep North facing Sparse grass
91°39′34.82″

Figure 3 Topographic profiles of (a) south-facing and (b) north-facing slopes in the study area; and (c) elevations and extent of GPR survey lines along cross-
sections of both slopes. A1–A5 and B1–B5 indicate the positions of common-midpoint soundings along the hillslopes. This figure is available in colour online

at wileyonlinelibrary.com/journal/ppp

Figure 4 Daily precipitation and air temperatures in the Amdo catchment
during 2012, where the dark red zone (May to early October) is the thawing
period and the two grey zones (other months) constitute the freezing period;
numbers 1 to 4 show the four GPR survey times at site 1. This figure is

available in colour online at wileyonlinelibrary.com/journal/ppp
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NMOvelocities and two-way travel times were then employed
to construct an interval velocity-depth model (Figure 5d).

The interval velocity (υ) was used to calculate the relative
soil dielectric number (ɛ) using the equation:

v ¼ c
ffiffi

ε
p (1)

where c is the electromagnetic velocity in free space (0.30
m/ns). The DGW representing shallow surface properties
in the upper few decimetres was also labelled, the velocity
of which was determined by least-squares analysis
(Steelman and Endres, 2009; Ma et al., 2012). When the
relative dielectric number of the frozen sediment was 2–8
(Table 2), the interval velocity became 0.11–0.21 m/ns.
The relative dielectric number of partly frozen ground is af-
fected by the amount of ice and liquid water in the soil and,
Permafrost and Periglac. Process., 26: 321–334 (2015)



Figure 5 Data processing sequence for a single GPR survey event on 24 May 2012, where three stratigraphic reflections were identified coincidently from (a)
the reflection profile and (b) common-midpoint soundings and direct ground wave (DGW) velocity, determined using least-squares linear analysis. (c) The
semblance plot was calculated to obtain normal-moveout (NMO) velocities and two-way travel times for (d) reconstructing an interval velocity-depth model.

This figure is available in colour online at wileyonlinelibrary.com/journal/ppp

Table 2 Typical values of the relative dielectric number and electromagnetic wave velocity in common geological materials within
the GPR bandwidth.a

Material Dielectric coefficient (ε) Corresponding velocity (m/ns)

Air 1 0.3
Freshwater ice 3.2 0.17
Frozen sediment 2–8 0.11 -- 0.21
Soil — sand, dry 3 – 6 0.12 -- 0.17
Soil — sand, wet 10 – 30 0.055 -- 0.095
Soil — loamy, dry 4 – 6 0.12 -- 0.15
Soil — loamy, wet 10 – 20 0.067 -- 0.095
Water 78 (25°C) -- 88 (0°C) 0.032 -- 0.034

aSource: Cassidy (2009).
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as a result, the velocity could not easily be ascertained.
Therefore, a value of 0.12–0.18 m/ns was used to evaluate
the approximate frost depth. Because a dry, sandy soil
(Table 2) may complicate interpretation, the soil temperatures
(Figure 2) measured by the soil monitoring station were also
used to indicate if the soil was frozen or not.
The average volumetric liquid water content (θ), assum-

ing unfrozen conditions, was calculated for each site from
the estimated relative soil dielectric number (ɛ), according
to Roth et al. (1990), using the complex refractive index
method (CRIM) formula:

θ ¼
ffiffi

ε
p � ffiffi

ε
p

s 1� ϕð Þ � ϕ
ffiffi

ε
p

w � 1
(2)

The assumption invokes considerable uncertainty in the
soil moisture estimates since the soil might have been partly
frozen during the measurements. For the dielectric number
of the soil matrix, a constant value of ɛs = 5 was initially ob-
served. To improve accuracy, the soil porosity (ϕ) and the
dielectric number of liquid water (ɛw) were adjusted to
match the laboratory results of 0.41 and 82.23, respectively.
Under partly frozen conditions, the performance of the
CRIM formula was used to estimate the liquid water con-
tent, and the ice fraction was neglected.
Copyright © 2015 John Wiley & Sons, Ltd.
In order to incorporate soil conditions into the analysis,
when taking GPR measurements, soil samples were
collected in 100 cm3 water retention rings at site 1 and on
both slopes (six sites in total: A1, A3, A5, B1, B3 and
B5 in Figure 3). Gravimetric water content (GWC) values
were obtained by drying samples in an oven at 105°C until
there was no further significant weight loss, which usually
took 10–24 h. According to Gardner’s (1986) model,
GWC was converted to volumetric water content, defined
as the ratio of the volume of free water per unit sample
volume of soil. The soil texture and organic carbon
contents of each sample from site 1 and the other six sites
(A1, A3, A5, B1, B3 and B5 in Figure 3) were also
determined in the laboratory. Soil porosity was calculated
by dividing the volume of water used to saturate the soil
by the total volume of the material. Soil particle size distri-
bution was measured with a particle size analyser
(Microtrac Inc., Montgomery ville, Pennsylvania, USA.)
and categorised by soil texture (i.e. % sand, % clay, % silt).
Soil organic carbon content was measured with total organic
carbon analysers (SHIMADZU-TOC-VCPH, Chiyoda-ku,
Tokyo, Japan), which supply accurate values after each soil
sample is fully dried and ground into a powder. The results
are given in Tables S1 and S2 in the Supplementary
Material.
Permafrost and Periglac. Process., 26: 321–334 (2015)
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Evaluation ofGPRAccuracy inMeasuring SWCand SFD

To assess the accuracy of GPR-derived values of SWC, volu-
metric water contents derived from GPR measurements were
compared to the data measured from soil samples. GPR mea-
surements and soil samples were collected from site 1 at the
same time in mid-October 2012, when just the upper approx-
imately 10 cm of the soil profile were frozen. Under these con-
ditions, GWCs and those determined by GPR can be expected
to deviate. The soil moisture evaluation from the GPR data
was based on differing dielectrical numbers for the various re-
flection layers, and so the average water content was obtained
within each layer. Fundamentally, the interpreted GPR data
were similar to the field sampling results (Figure 6). The
Figure 6 Comparison of GPR and gravimetric sampling methods for de-
termining volumetric liquid water content. The GPR profile was collected
on 15 October 2012, while the gravimetric sampling was conducted near
the GPR site on 18 October 2012. This figure is available in colour online at

wileyonlinelibrary.com/journal/ppp

Figure 7 (a–c) Comparison of GPR and field observations of soil frost depth near
was conducted nearby on 10 May 2012. NMO: Normal moveout. This figu

Copyright © 2015 John Wiley & Sons, Ltd.
relative bias between GPR profiles and sampling was calcu-
lated as no greater than 10 per cent. In addition, different
ways of evaluating frost depth were compared. From the
semblance plots shown in Figure 7a by CMP analysis, the
frost depth near site 1 in early May was 1.58 m (Figure 7b);
from the field investigation, it was 1.60 m (Figure 7c). These
results support the reliability of GPR for determining SWC
and SFD in our study.
RESULTS

Hillslope Distribution of SFD

Overall, the average SFD along the north-facing hillslope
was deeper than that along the south-facing hillslope at the
beginning of the thawing period (Figure 8): mean values
were 1.83 m and 1.62 m, respectively. However, the esti-
mated depths changed differently along the altitudinal range
of each hillslope. The SFD gradually increased from 1.29 m
to 1.93 m with increasing altitude on the south-facing slope,
where the elevation ranged from 4762 to 4875 m asl; in con-
trast, the SFD declined from 2.12 m to 1.55 m as the altitude
increased from 4622 to 4758 m asl on the north-facing
slope.

Vegetation cover also affected SFD: the higher the percent-
age cover, the shallower the frost depth on both slopes. For
example, while sites A1 and B5 were both around 4760 m
asl, the frost depth at site A1, which had vegetation cover,
was 1.29 m and at site B5, which had sparse vegetation, it
was 1.55 m. When the surface was bare (e.g. A5, B1
and B2), the frost depth was> 1.90 m. These results illustrate
that frost depth is not only related to slope and altitude, but is
also affected by surface conditions.

It should be noted that the measurements of frost depth on
the hillslopes in May 2013 (Figure 8; Table S3 in the
Supplementary Material) did not represent the maximum
depth of seasonal frost in the ground, because the field
site 1. The GPR profile was gathered on 9 May 2012, while the field survey
re is available in colour online at wileyonlinelibrary.com/journal/ppp

Permafrost and Periglac. Process., 26: 321–334 (2015)



Figure 8 Estimated seasonal frost depths and surficial conditions on south- and north-facing slopes on 9 May 2013. Along each slope, soil samples were
collected, at a depth range of 0–100 cm, from the top, middle and bottom sites in order to obtain soil properties (including texture and soil organic carbon). This

figure is available in colour online at wileyonlinelibrary.com/journal/ppp
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experiments were conducted during the early thawing
period, and the tops and bottoms of the soil profiles had al-
ready thawed (Figure 2).

Seasonal Freeze-Thaw Processes

On 9 May 2012, the frost depth was measured to be 1.58 m,
with an interval velocity of 0.150 m/ns. The soil had been
thawing in the top 30 cm, as shown by the radar velocities
of the DGW in the upper layer (Figure 9a). After 2 weeks
(24 May 2012), the radar velocities of the DGW in the up-
per layer were higher and the layer itself was deeper, indi-
cating lower SWC values and downward thawing of the
soil. Lower values of SWC in the upper layer are likely to
have been caused principally by increasing surface evapora-
tion. The interval velocity in the deeper layer, below 1.25 m,
was just 0.074 m/ns, consistent with wet, unfrozen soil con-
ditions (Figure 9b).
At the beginning of the freezing cycle, on 15 October

2012, the surface was already frozen, evidenced by the radar
velocity of the DGW in the top 20 cm of the profile
(Figure 9c). However, within a fortnight, on the 29 October
2012, the DGW radar velocity in the upper layer dropped to
0.092 m/ns. The main reason for this was that the relevant
GPR field survey was conducted during a period of strong
sunlight; so by noon on 29 October 2012, the shallow upper
soil layer was unfrozen. In addition, there had been several
recent rainfall events (Figure 4), which provided sufficient
liquid water for the upper layer of soil. Nonetheless, it is im-
portant to emphasise that the interval velocity in the deeper
soil layer (Figure 9d) was apparently higher than that shown
in Figure 9c, confirming that some freezing processes were
occurring in the second half of October 2012.

SWC under Different Topographical and Surface
Conditions

When the soil surface layers started thawing in the study
area (9 May 2012), the SWC in the upper 30 cm as mea-
sured by the DGW was strongly influenced by the fluxes be-
tween the active root zone and the atmosphere (Figure 10).
Copyright © 2015 John Wiley & Sons, Ltd.
For instance, in the upper soil layer, the SWC was highest
near the stream site (Figure 10b), whereas at the steep,
north-facing site it was only about 10 per cent (Figure 10f),
indicating that part of the shallow soil was still frozen. The
primary explanation was that the surface temperature was
relatively low in early May (Figure 4), and the soil at the
steep, north-facing slope absorbed little incoming solar radi-
ation (Aguilar et al., 2010). Within each site, the SWC de-
creased with depth, except for site 4, which was located
on an intermediate, north-facing slope. At site 4, the SWC
was concentrated within a depth range of 70–120 cm, and
declined to almost zero at greater depths, where the soil
was still frozen. At the other sites, the rate of decrease in
SWC with depth differed with location; it was much larger
on the south-facing slope (Figure 10c, e) and lowest near
the stream site (Figure 10b).

At the beginning of the freezing period, because air tem-
perature gradually dropped below 0°C in October (Figure 4),
the shallow upper soil layer froze and the SWC in this layer
was therefore low, with an average value of 10 per cent at
most sites. However, along the south-facing slope, espe-
cially on the steeper hillslope (Figure 11e), the SWC
exceeded 20 per cent. This could be explained by stronger
incoming solar radiation on the south-facing slope (Aguilar
et al., 2010) and thus slower freezing of the upper soil layer
compared to other places. The SWC profiles displayed sim-
ilar trends for both slopes at the beginning of the freezing
period, in that the SWC declined with increasing depth
(Figure 11c, f). The magnitude of decline was less obvious
on steep hillslopes (Figure 11e, f). Near the stream site, in
contrast, the SWC increased with depth (Figure 11b).

In comparing the two survey periods (1 and 3 in Figure 4),
the SWC exhibited similar patterns on both slopes (i.e. for
sites 3–6), except for at the intermediate site of the north-
facing slope (Figure 11d). In general, the SWC decreased
with increasing depth, albeit at different rates. For level
areas (i.e. sites 1 and 2), the SWC profiles differed; the
SWC profile at site 1 was more stable at depths of < 1.60
m at the beginning of the freezing period (Figure 11a),
whereas the total SWC near the stream site (i.e. site 2)
was distinctly higher at the beginning of the freezing period
Permafrost and Periglac. Process., 26: 321–334 (2015)



Figure 9 Common-midpoint soundings (upper four panels), semblance plots (middle four panels) and interval velocity-depth profiles (lower four panels) at
site 1 during each observation period: (a) 9 May, (b) 24 May, (c) 15 October and (d) 29 October, 2012. NMO: Normal moveout; DGW: direct ground wave;

BFZ: base of the frost zone. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp
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(Figure 11b) than that at the beginning of the thawing period
(Figure 10b).

SWC on South- and North-Facing Slopes

The SWC values according to the high-frequency GPR
readings along the two opposite slopes (i.e. north and south
facing) decreased with depth for each slope during early
May 2013 (Figures 12 and 13). The SWC was much lower
below a depth of 1.0 m on both slopes (Figures 12 and 13),
which is attributed to soil freezing in winter. The amount of
Copyright © 2015 John Wiley & Sons, Ltd.
frozen soil below 1.0 m depth on the north-facing slope
was a little greater than that of the south-facing slope because
of the lower SWC profile along the north-facing slope
(Figure 13).

The altitude difference was no more than 150 m for each
GPR survey slope (Table S3 in the Supplementary Mate-
rial), so no obvious trend in SWC was found along the
south- and north-facing slopes. For example, the SWC
in the shallow DGW layer along the south-facing slope
(i.e. from sites A1–A5 in Figure 12) was approximately
10 per cent and the depth ranged from 25 to 30 cm. On the
Permafrost and Periglac. Process., 26: 321–334 (2015)



Figure 10 (a–f) Subsurface soil water content (SWC) profiles at different GPR sites at the beginning of the thawing period (9 May 2012); the dashed line in
each graph represents the SWC at shallow depths, derived from direct ground waves (DGW).
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north-facing slope, the SWC and depth in the shallow DGW
layer also remained relatively stable, except for that at the in-
termediate point (i.e. site B3 in Figure 13). However, the total
SWC in the top 50 cm (i.e. the DGW upper layer) was greater
on the sunny, south-facing slope (Figure 12) than the shady,
north-facing one (Figure 13); this is related to the more rapid
thawing on the south-facing slope during early May, due to
higher values of solar radiation.
DISCUSSION

Our field results revealed that GPR can monitor effectively
the depth of seasonal frost and SWC at high altitude in
one region of the TP, which would otherwise require inva-
sive techniques. Yang et al. (2010) stated that knowledge
of permafrost dynamics remains limited over large areas
of the TP. Many aspects related to the response of
Copyright © 2015 John Wiley & Sons, Ltd.
permafrost to climate change (e.g. hydrological and thermal
dynamics, grassland desertification and biochemical pro-
cesses) remain unclear, particularly in the central TP region.
GPR investigations at the southern edge of the sporadic per-
mafrost zone in this research have helped us to explore the
spatial distribution of SWC and SFD at the hillslope scale.
The research has provided a potential opportunity to address
the aforementioned complications of using invasive tech-
niques. More promisingly, this research demonstrates that
the GPR technique provides an opportunity for detailed pro-
cess studies (e.g. hydrological dynamics) at appropriate spa-
tial scales in permafrost regions.

We assume that the soil is frozen when the velocity
ranges between 0.12 and 0.18 m/ns. The assumption is
somewhat uncertain since the dielectric number ranges of
dry soil and frozen sediment are analogous (Table 2). How-
ever, gravimetric soil sampling confirms the presence of po-
tential wet soil conditions near the AWS. Moreover, the
Permafrost and Periglac. Process., 26: 321–334 (2015)



Figure 11 (a–f) Subsurface soil water content (SWC) profiles at different GPR sites at the beginning of the freezing period (15 October 2012); the dashed line
in each graph represents the SWC at shallow depths, derived from direct ground waves (DGW).
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study area is less than 30 km2, and a seasonal stream runs
through the valley. We suppose that the possible bias from
dry soil is small.
Although this study has demonstrated the capacity of

high-frequency GPR for characterising moisture regimes,
it is important to note that only liquid water content has
been taken into account to estimate soil moisture, even
when the soil was completely, or partly, frozen; the calcula-
tions using the CRIM formula were not corrected for ice
content. This is mainly because, while the GPR profile re-
veals the depth of seasonal frost, it is difficult to estimate
the volume fractions of liquid water and ice. Therefore,
the ice content derived from the CRIM formula would be
debatable, because of the uncertainty in the ice volume.
The CRIM formula does provide a reasonable estimate of
liquid water content, as demonstrated in previous studies
(Steelman et al., 2010; Wollschläger et al., 2010; Pan
et al., 2014). For example, Steelman and Endres (2011)
have reported that the root-mean-square error of SWC
estimated using CRIM was 0.013–0.017 m3/m3 at a sandy,
seasonally frozen site in Canada.
Copyright © 2015 John Wiley & Sons, Ltd.
The observed seasonal frost pattern can be related to sur-
face and subsurface factors that influence the energy transfer
from the atmosphere to the ground during early May. Com-
pared with the bare sites, those with vegetation cover had a
shallower frost depth on both slopes in this study. We pro-
pose that the grass traps more snow in winter than bare
ground and so limits the depth of ground freezing rate
(Zhang, 2005). Further, the frost depth was deeper beneath
the north-facing slope than the south-facing slope. Shady
hillsides receive lower incoming shortwave radiation and a
stronger increase in albedo is observed during freezing pe-
riods (Gutiérrez-Jurado et al., 2013). The finding that frost
depth varied inversely with an increase in altitudinal range
along the south-facing and north-facing slopes during the
beginning of the thawing period may be explained by the
synergistic effects of topography, vegetation conditions
and soil texture, and the hydrological and thermal regimes.

Our case study has investigated the reliability of GPR
profiles for estimating the average volumetric liquid water
content between the ground surface and the base of seasonal
frost at the meso-scale for heterogeneous conditions on
Permafrost and Periglac. Process., 26: 321–334 (2015)



Figure 12 (a–e) Subsurface soil water content profiles at separate GPR sites (A1–A5) along (f) the south-facing slope in early May 2013. DGW: Direct ground
wave. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp
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theTP. The SWC values were obtained from CMP sound-
ings and auxiliary reflection data under different terrain con-
ditions at the beginning of the thaw and freeze periods. The
calculated SWC profiles displayed a high spatial variability
throughout the measurement plots, which could be related
to the observed differences in topography (slope, aspect
and elevation) and surface environment (river distribution
and vegetation cover). Neglecting the influence of the river
at one site, the total SWC value was slightly higher on the
south-facing slope than the north-facing one during the be-
ginning of the freezing period. However, this similar pattern
was observed only in the shallow soil layer at a depth of
50 cm during the beginning of the thawing period along
the shaded slope.
Except for the stream site (site 2 in Figure 1), the SWC

vertical profiles generally showed a similar pattern in both
of the periods assessed: SWC values decreased with depth,
but at different rates. During early May, as the ground
started to warm, the moisture content increased in the upper
soil layer, while the deeper soil remained frozen. In the
warm season (i.e. from June to September), rainfall was fre-
quent and sometimes heavy in the study region (Figure 4);
Copyright © 2015 John Wiley & Sons, Ltd.
this produced high moisture contents in the upper soil layers
during the beginning of the freezing period. However, the
SWC values at shallow depths were more variable than at
other depths, likely due to complex land-atmosphere inter-
actions, which have been shown to be sensitive to the local
climate and influence the water flux into the ground
(Ma et al., 2009). Near the stream site, the SWC value in-
creased with depth at the beginning of the freezing period
(Figure 11b). Initially, we speculated that groundwater
was present below a depth of 1.50 m, and therefore was
the principal factor that led to the observed high water con-
tent at depth. In addition, it is likely that the stream provided
a water source to nearby soil, which would also lead to the
high total SWC observed.

Although this study discusses an idealised representation
of the spatial distribution of SWC and SFD on some
hillslopes, further research is needed to quantify the impact
of topography, vegetation and soil properties. For instance,
vegetation type, coverage and aboveground biomass on
the opposite slopes could be investigated during the grow-
ing season. In addition, intensive hydro-meteorological ex-
periments need to be undertaken within this sensitive area
Permafrost and Periglac. Process., 26: 321–334 (2015)



Figure 13 (a–e) Subsurface soil water content profiles at different GPR sites (B1–B5) along (f) the north-facing slope in early May 2013. DGW: Direct ground
wave. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp
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to elucidate the hillslope-scale hydrological processes, in-
cluding land-surface energy exchange, water balance obser-
vations and soil moisture/thermal monitoring, both in the
frozen layer and in deeper ground.
CONCLUSIONS

This study conducted high-frequency GPR measurements to
investigate hillslope spatial variations in SFD and SWC un-
der different topographical and surficial conditions at the be-
ginning of the thawing and freezing periods within a site on
the southern boundary of the sporadic permafrost zone on
the central TP. This experiment illustrates that 250 MHz
GPR can be effectively and non-invasively used to map soil
moisture and SFD at a high resolution in this permafrost re-
gion, even if it is conducted across a limited hillslope area,
with large variations in surface and topographic conditions.
The SWC and SFD show spatial heterogeneity at the hill-

slope study site. The topography (slope, aspect and eleva-
tion) and surface environment (vegetation cover and
stream distribution) significantly affected them. The SFD
varied inversely with elevation along the south- and
Copyright © 2015 John Wiley & Sons, Ltd.
north-facing slopes during early May. Surface characteris-
tics along the opposite slopes such as grass coverage also
appeared to influence the frost patterns; where vegetation
cover was more extensive, the SFD was shallower. Along
the opposite slopes, the water content at shallow depths
was higher on the south-facing slope than the north-facing
one in early May, likely due to more rapid thawing on the
sunny, south-facing slope in this period. The vertical SWC
profiles exhibited a similar pattern at most survey sites
(excluding the stream site) during both observation periods
(i.e. early May and mid-October); while the values gener-
ally decreased with depth, the rate of decrease varied. We
also suggest that this kind of topography-vegetation-soil-
influenced SWC and SFD is sensitive to local climate
variation, as well as hydrological regimes.
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