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Abstract

Multi-channel ground-penetrating radar was applied at a permafrost site on the Tibetan
Plateau to investigate the influence of surface properties and soil texture on the late-
summer thaw depth and average soil moisture content of the active layer. Measure-
ments were conducted on an approximately 85x60 m? sized area with surface and soil
textural properties that ranged from medium to coarse textured bare soil to finer tex-
tured, vegetated areas covered with fine, wind blown sand, and it included the bed of a
gravel road. The survey allowed a clear differentiation of the various units. It showed (i)
a shallow thaw depth and low average soil moisture content below the sand-covered,
vegetated area, (ii) an intermediate thaw depth and high average soil moisture content
along the gravel road, and (iii) an intermediate to deep thaw depth and low to interme-
diate average soil moisture content in the bare soil terrain. From our measurements,
we found plausible hypotheses for the permafrost processes at this site leading to the
observed late-summer thaw depth and soil moisture conditions. The study clearly in-
dicates the complicated interactions between surface and subsurface state variables
and processes in this environment. In addition, the survey demonstrates the potential
of multi-channel ground-penetrating radar to efficiently map thaw depth and soil mois-
ture content of the active layer with high spatial resolution at scales from a few meters
to a few kilometers.

1 Introduction

Permafrost on the Tibetan Plateau reacts very sensitively to climate change (Liu and
Chen, 2000). This is manifest in a rise in the lower limit of the altitudinal permafrost,
increase in active layer thickness and ground temperature, intensification in freeze-
thaw cyles and heat exchange between soil and atmosphere, and lowering of ground
water and lake water levels with related desertification caused by the drier ground
surface (Cheng and Wu, 2007).

920

TCD
3, 919-946, 2009

Multi-channel GPR
for exploring active
layer thaw depth and
moisture content

U. Wollschlager et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/3/919/2009/tcd-3-919-2009-print.pdf
http://www.the-cryosphere-discuss.net/3/919/2009/tcd-3-919-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

In cold regions, the active layer is “the layer of ground that is subject to annual thaw-
ing and freezing in areas underlain by permafrost” (van Everdingen, 1998). In this
environment, it plays a significant role since almost all biogeochemical, hydrological,
ecological, and pedogenic processes take place in this uppermost part of the soil (Kane
et al., 1991; Hinzman et al., 2005). The thaw depth of the active layer determines, for
instance, the partitioning of surface and groundwater runoff, it influences the rate of
water and gas exchange between the soil and the atmosphere (Duguay et al., 2005)
and the occurence of specific vegetation communities (Kane et al., 1991; Walker et al.,
2003), and it also has a significant importance for cold regions engineering (Nelson et
al., 2001).

From a large-scale perspective, the thaw depth of the active layer primarily depends
on temperature and the length of the thaw season (Hinzman et al., 2005). The seasonal
thaw depth, however, is locally influenced by various additional factors that affect the
local microclimate and surface energy balance. Important factors are surface tempera-
ture, physical and thermal properties of the surface cover and the substrate, vegetation
cover, soil moisture content, albedo, and thickness and duration of snow cover (Duguay
et al., 2005; Hinzman et al., 2005).

Monitoring of active layer freeze and thaw processes is most often based on point
measurements like boreholes (e.g. Brown et al., 2000; Liu and Chen, 2000). However,
at point locations, year-to-year and microtopographic variations in surface temperature
and soil moisture content can induce large spatial variations in thaw depth (Lemke et
al., 2007) which leads to difficulties for interpreting larger-scale active layer dynamics
using borehole data, e.g. if detailed processes being relevant at the ecosystem scale
should be addressed. Examples for active layer thaw depth variability are given, e.qg.
by Wright et al. (2009) for small-scale variations and by Hinkel and Nelson (2003)
for larger areas. Hence, in order to obtain a deeper understanding of active layer
processes, efficient methods which allow mapping of active layer conditions such as
thaw depth and soil moisture content are desired.

In order to derive large-scale spatial information about permafrost conditions, vari-
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ous satellite remote sensing techniques are currently being applied (Zhang et al., 2004;
Duguay et al., 2005). So far, the challenge with mapping near-surface permafrost con-
ditions from space is that only information about surface properties is available. Sub-
surface phenomena then have to be deduced from these data (Duguay et al., 2005).
However, due to the various surface and subsurface factors and processes influencing
the thaw process, estimation of active layer thaw depth from remote sensing measure-
ments is still challenging (Zhang et al., 2004; Duguay et al., 2005).

At an intermediate scale, ranging from a few meters to a few kilometers, ground-
based geophysical measurements yield spatially highly resolved information on soil
material properties and state variables like soil moisture content. This opens a way
for a more detailed investigation of processes relevant at the ecosystem scale. In per-
mafrost regions, ground-penetrating radar (GPR) has been proven to be well suited
for studying near-surface phenomena which are related to soil moisture and ice con-
tent, respectively. Starting with the pioneering work of Annan and Davis (1976) GPR
by now has been applied in various permafrost studies, e.g. for mapping the depth of
the permafrost table (Arcone et al., 1998; Hinkel et al., 2001; Moorman et al., 2003;
Schwamborn et al., 2008) or layer boundaries in frozen ground (Hinkel et al., 2001),
exploring massive ground ice (Annan and Davis, 1976) and pingo ice (Yoshikawa et
al., 2006), ice wedges (Hinkel et al., 2001; Munroe et al., 2007), or thaw depth be-
neath streams (Bradford et al., 2005; Brosten et al., 2006, 2009). In addition, GPR has
been employed to infer the near-surface moisture content of the active layer from the
analysis of ground wave measurements (Moorman et al., 2003).

The measurement principle of GPR is based primarily on the analysis of the prop-
agation velocity of electromagnetic waves travelling through the ground. The propa-
gation velocity predominantly depends on the soil’s dielectric permittivity which itself
is directly related to the water and ice content, respectively (Davis and Annan, 1989).
Reflections occur at interfaces that are related to abrupt changes in dielectric permit-
tivity, e.g. at layer boundaries, at a groundwater table in a coarse-textured soil or at
the frozen-unfrozen ground interface. Hence, in permafrost studies, GPR can be em-
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ployed to spatially distinguish between wet and dry areas as well as between frozen
an unfrozen sections within the soil. Due to the strong dielectric contrast between the
frozen and the overlying unfrozen active layer, the frost table usually appears as a well
detectable, continuous reflector in the radargram.

The major drawback of the typical common offset, single channel GPR measure-
ments is, that the travel time measured to estimate the depth of a reflector strongly
depends on the dielectric permittiviy of the ground as well. Hence, there are two un-
known quantities, typically variable both in space and time, that determine the single
measurement quantity. A common work-around is to calibrate dielectric permittivity
and the related reflector depths with additional measurements, e.g. in boreholes (e.g.
Arcone et al., 1998; Lunt et al., 2005), at excavates of soil profiles (e.g. Wollschlager
and Roth, 2005) or common-midpoint (CMP) GPR measurements (e.g. Schwamborn
et al., 2008). All this is practically feasible at only a few locations. However, due to
the heterogeneous texture of natural soils, soil moisture content and consequently di-
electric permittivity typically vary horizontally over rather short distances (e.g. Greaves
et al., 1996). This results in distortions of reflector depth as displayed in a radargram
if a constant signal propagation velocity for the complete transect is assumed (Neal,
2004). Hence, estimates of reflector depth which are calibrated at only a few points
along the measurement transect are only able to provide a rough estimate of the true
reflector structure.

An efficient way to obtain more accurate information about the true shape of the re-
flector and additionally infer average soil moisture content are continuous multi-offset
measurements obtained from multi-channel GPR systems (Bradford, 2008; Gerhards
et al., 2008). Here, the survey is done in the profiling mode with an array of several cou-
pled GPR antennas which allows to measure the travel times from a number of different
antenna separations at once. The acquired data can then be evaluated in analogy to
a standard CMP survey while the distance between the CMP data sets is determined
by the pre-selected trace interval (e.g. each 0.1 m). Given suitable, continuous reflec-
tors, this new measurement technique allows to infer high-resolution spatial information
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about the reflector structure and average soil moisture content without requiring much
additional data for calibration.

The objective of our study is to apply multi-channel GPR at a continuous permafrost
site in order to efficiently infer spatial variations in thaw depth and average volumetric
soil moisture content of the active layer. In the following, the expression “soil moisture
content” refers to the liquid volumetric water content which is measurable with the GPR
technique. In order to demonstrate the applicability of multi-channel GPR to investigate
permafrost processes at the ecosystem scale, the observed patterns are interpreted
with respect to the found surface and soil properties.

2 Site description

The study site is located near the Qitedaban mountain pass (35°45'N, 79°26'E,
4950 m a.s.l.), in the northern Aksai Chin Region, Xinjiang Province, W-China (Fig. 1).
This western part of the Qinghai-Tibet Plateau is mainly characterised by high-cold
desert landscapes (Jin et al., 2007). Being situated in the rain shadow of the Karako-
rum and Kunlun mountain ranges, annual convective precipitation in the area is less
than 50 mm which is occasionally enhanced by monsoon rainfall (Gasse et al., 1991).
The ratio of evaporation to precipitation ranges between 20 and 50 (Gasse et al., 1991)
indicating the extremely arid climate of the study area. The present-day permafrost
limit in the W-Kunlun region is located between 4400 m and 4500 m a.s.l. (Zhou et al.,
1998). According to the chinese classification, the site is situated within an area of
extensive dicontinuous permafrost (Zhou and Guo, 1983; Zhou et al., 2000).
Measurements were conducted at the foot of an alluvial fan (Fig. 2). The soil surface
at the upper part of the slope is almost bare. It is covered with a number of small flow
channels which were dry during the survey. During an earlier measurement campaign
in summer 2006 (Gerhards et al., 2008) some of the channels were water bearing
but surface water infiltrated completely before reaching the foot of the slope. In a soil
profile which was excavated a few hundred meters upslope of the measurement plot a
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groundwater table was observed at a depth of 0.76 m below the ground surface. The
soil of the alluvial fan primarily consists of sand and gravel. Several finer textured areas
can be identified by salt precipitations appearing at the soil surface. They indicate the
higher water retention capacity of the fine grained soil which makes the soil water
available for evaporation close to the ground surface. At the foot of the alluvial fan,
on both sides of the Xinjiang-Tibet Highway, small vegetated areas occur. In the valley
bottom, a dry river bed extends parallel to the gravel road. In some sections it is located
upslope of the gravel road, then crosses the highway and continues in the downslope
area of the road.

In order to spatially investigate the influence of surface properties and soil texture on
the thaw depth and average soil moisture content of the active layer, we selected an
approximately 85x60 m? sized plot at the foot of the slope where the soil surface was
partially bare and partially covered with sparse grass (Fig. 2). In addition, the area is
traversed by the Xingjiang-Tibet Highway, which represents another textural unit of our
study site. The soil beneath the bare surface basically consists of medium to coarse
grained sand and gravel. Below the vegetated area the soil is characterised by rather
homogeneous fine to medium grained sand which is covered by a 10 to 15 cm thick
layer of even finer, presumably wind-blown sand that has been accumulated by the
sparse grass cover. Within the vegetated area, precipitations of salt were observed on
the soil surface. The surface salt indicates the high amount of evaporation from the fine
textured soil in this area. The sand accumulations within the vegetated patch produce
a rough, slightly elevated surface topography with a maximum height of about 0.5 m
(Fig. 2).

3 Materials and methods

Multi-channel GPR measurements were acquired on 31 August 2007 when the annual
thaw depth of the active layer was presumed to be close to its deepest position. The site
was explored by measuring eight parallel lines (Fig. 2) starting upslope of the vegetated
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area with one profile covering a complete transect of bare soil. The following three lines
started and finished on bare soil while crossing the vegetated area in-between. The
next profile was measured in the roadside ditch of the Xinjiang-Tibet Highway and was
followed by a line located directly on the gravel road. Finally, two more transects on the
opposite side of the highway were explored. Here, in the valley bottom, the soil surface
was again partially covered by sparse vegetation.

Measurements were done with a multi-channel GPR array (Fig. 3a, b) that consisted
of three standard 200 MHz shielded antenna systems (TR 200 K2) in combination with
a DAD K2—MCH control unit and the distribution box (4CH), all manufactured by IDS
(Ingegneria dei Sistemi S.p.A., Italy). The antenna boxes were coupled in a row with
a fixed distance of 1.01 m between the two front antennas and a distance of 2.015 m
separating both rear antennas. As in a standard common-offset survey the whole
antenna array was pulled along the transect while signals were triggered by the survey
wheel which was mounted to the back of the rear antenna.

The spatial position of the GPR array and surface topography were recorded using a
TCRA1102 tachymeter (Leica GeoSystems, Germany). The survey lines were mapped
by the tachymeter by automatically tracking a 360° reflector mounted on top of the
middle antenna (Fig. 3a, b).

The multi-channel GPR system allows to acquire data from a total of nine
transmitter—receiver combinations (Fig. 3b) while the multi-channel unit is capable to
simultaneously record signals arriving from eight channels. For our survey we chose
to measure radargrams with the following antenna separations: 2x0.19 m (T2-R2;
T3-R3), 0.82 m (T2-R1), 1.2 m (T1-R2), 1.83 m (T3-R2), 2.21 m (T2-R3), 2.84 m
(T3—-R1), and 3.22 m (T1-R3). In order to be able to calculate reflector depth from
the acquired measurements, data from the different channels have to be relocated
such that the measurement position of each transmitter—receiver pair corresponds to
the same location along the survey line. This provides several small CMP datasets
(Fig. 3c) which, in case of good data quality, ideally consist of data recorded with seven
different antenna separations (two of the eight available channels have the same an-
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tenna separation). In this investigation, we used the position of the reflector of the laser
tachymeter (Fig. 3b) as reference position for the relocation procedure. Since the sur-
vey is run in the normal profiling mode, the separation between the CMP data sets is
equal to the spatial trace increment which was set to 0.05 m. By this moving CMP tech-
nique, we are able to efficiently estimate relative dielectric permittivity, reflector depth
and average soil moisture content for each individual position along the radargram.

Radargrams were recorded using a time window of 100 ns, with a sampling rate
of 10 samples per ns and 24 stacks per trace. Data processing was minimal and
consisted of (i) shifting each radargram laterally to a common measurement position
below the reflector of the tachymeter, (ii) application of a dewow filter in order to remove
low frequency noise, (iii) clipping of all radargrams to a total travel time of 80 ns, and
(iv) adjustment of the color density for each radargram individually for visualisation
purposes. No amplification was applied on the data set. Next, the travel times of the
frozen/unfrozen boundary reflection were picked in each radargram and air wave travel
times were determined as a reference for the calculation of the absolute travel times of
the reflected waves (Fig. 4).

Determination of relative dielectric permittivity, reflector depth and average soil mois-
ture content of the active layer was done by applying the multi-channel evaluation pro-
cedure of Gerhards et al. (2008). Based on a ray approach, the method assumes that
the two-way travel time ¢ [ns] of the electromagnetic signal to a reflector at a position
x [m] in the surroundings of the reference position x, [m] and antenna separation a [m]
is given as

Ve

t(x;a)= Co

cos(a) \/ 4d +[x, - x]tan(a)]? + a2 (1)

where ¢, [-] is the relative dielectric permittivity of the soil, ¢ is the speed of light in
vaccuum (0.3 mns‘1), a is the reflector’s inclination angle, and d [m] it's depth at x.
Relative dielectric permittivity of the soil, depth and inclination angle of the reflector for
every position along the radargram are estimated from the absolute travel times of the
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signals measured with all available transmitter—receiver combinations. This is done by
minimizing the objective function

(N.K)

OF (b) = z (treﬂ(xn:ak)_tmodel(xn:ak;b))
(n.k)

2

()

where b={¢.,d,a} is the parameter vector, t, [ns] and {,.q4e [NS] are the measured
and modelled reflected wave travel times for N measurements around x, obtained from
K antenna separations, x, (n = 1, ..., N) are measurement points around x,, and a,
(k = 1, ..., K) are the antenna separations. Since, due to low data quality, picking
of reflections along certain sections of single radargrams sometimes is not possible,
the evaluation program automatically conducts the inversion with all data which are
available for the pre-defined distance interval around x, which was set to 0.5 m for
this survey. With respect to the trace interval of 0.05 m and ideally data from eight
channels, for this setup up to 100 data points are available to minimise the objective
function for one single position along the radargram.

Air wave travel times are required since, in most GPR surveys, the absolute start-of-
trace signal (time zero) is not available. Instead, the travel time of the air wave, with its
known velocity, is used as a reference. Since, with the applied system, amplitudes of
air wave signals measured with long antenna separations are often very low, picking
of the accurate air wave travel time is difficult or even impossible. To overcome this
difficulty we used the air wave adaptation procedure of Gerhards et al. (2008) which
is based on the multi-channel evaluation. It slightly shifts the air wave travel times
from the initial estimates of each channel such that for different sets of transmitter—
receiver combinations consistent values for relative dielectric permittivity and reflector
depth are obtained. In order to confine the inverse adaptation of air wave travel times
to a reasonable range, the air wave travel times of the channels with 0.19 m antenna
separation (T2—R2 and T3-R3), which were well identifiable in the radargrams, were
first picked and then fixed to a constant average travel time which was calculated for
both channels individually. Subsequently, air wave travel times of all other channels
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were adjusted by using the air wave adaptation algorithm. This procedure was done
for each of the eight transects individually in order to account for a possible drift of
the antenna electronics. For data evaluation, we use constant air wave travel times
for each individual radargram. The application of the air wave adaptation method may
cause a certain bias on the estimated absolute relative dielectric permittivities and the
related reflector depths and average soil moisture contents. However, relative changes
in these parameters within the data set will still be recognisable after this correction
(Gerhards et al., 2008).

The average volumetric water content 8 [-] of the unfrozen active layer was calcu-
lated from the estimated relative dielectric permittivities according to Roth et al. (1990)
for each position along the radargram by using the CRIM (Complex Refractive Index
Method) formula:

_ V- /e (1 - V)
) VB, -1 ’

where ¢, [-] is the composite dielectric permittivity of the soil, &5 [-], €, [-], €, [-]
are the dielectric permittivities of the solid matrix, water and air, respectively, and ¢ [-]
is porosity. The dielectric permittivity of water was set to a constant value of 86.1
corresponding to a soil temperature of 5°C (Kaatze, 1998). For the dielectric permittivity
of the solid matrix we assumed a constant value of ¢, = 5, and set the porosity to an
estimated fixed value of @ = 0.4.

For plotting of the radargrams we considered topography by shifting each trace verti-
cally by 0.1 ns per meter height difference. For spatial visualisation of the data acquired
from all eight transects, contour plots of surface and reflector topography, depth of the
reflector below the ground surface and avarage volumetric soil moisture content were
generated by a simple bi-linear interpolation of the values measured along the different
transects.

6

3)
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4 Results and discussion
4.1 Example transect

Example radargrams for all eight channels derived from a multi-channel measurement
along one selected transect are shown in Fig. 4. The data were recorded along a mea-
surement line upslope of the roadside ditch partly traversing bare soil and partly the
vegetated area. In the middle of the transect a non-vegetated section within the vege-
tated part of the site was crossed. All radargrams show one dominant reflection from
the frost table which is well detectable on each channel. Below the vegetated area, at
long antenna separations, the reflection becomes weak or even disappears. We pre-
sume that this effect occurs due to the rough ground surface an the longer travel path
for larger antenna separations. The first affects the orientation of the different antennas
relative to each other. This, in turn, influences the orientation of the radiation pattern.
Therefore, setups can occur where only little energy is emitted in the direction of the
signal measured by the receiver. Furthermore, the longer travel path for large antenna
separations lead to stronger decay of the energy due to dissipation and geometrical
spreading. In addition, the rough surface of the vegetated patch leads to a weaker
antenna-ground-coupling which results in a weaker signal.

In general, the shape of the reflector indicated by its two-way travel time follows
the surface topography. Although, travel times are slightly longer below the bare soil
sections than below the vegetated sections. At a first glance, this indicates either a
deeper frost table and/or a higher soil moisture content in this area compared to the
vegetated patch.

Figure 5 shows the topographically corrected, estimated reflector depth, relative di-
electric permittivity and average volumetric soil moisture content of the unfrozen active
layer as derived from the multi-channel analysis for the example survey line displayed
in Fig. 4. All values are shown with both full spatial resolution and smoothed with a
linearly weighted running mean filter calculated with 2 m support. In addition and for
comparison, the reflector depth was calculated for a constant dielectric permittivity of
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€.=15 as estimated from the multi-channel inversion for most sections of the bare soil
areas. It corresponds to a constant signal velocity of 0.08 m ns™.

The topography of the reflector below the ground surface estimated from the multi-
channel inversion appears rather rough. Besides a real rough frost table surface this
may also result from local variations in dielectric permittivity of the unfrozen active layer
or small variations in the effective antenna separation when the single antennas move
across the hilly vegetated area and thereby slightly change their orientation relative
to each other. The latter effect is not considered during the data processing. Hence,
in the following, we will concentrate on the discussion of major variations in reflector
depth and average soil moisture content which are large compared to the — potentially
systematic — noise.

As it was already observed from the travel times displayed in the radargrams (Fig. 4),
the inverted frost table depth (red and blue lines) generally follows surface topography
but differences between bare soil and vegetated sections along the transect appear
not as obvious as indicated by the signal travel times. In contrast, calculations with a
constant dielectric permittivity of £,=15 (Fig. 5, green line) lead to an up to 0.5 m shal-
lower frost table beneath the vegetated patch compared to the estimates with variable
dielectric permittivity.

The relative dielectric permittivity and the related average volumetric soil moisture
content inferred from the multi-channel analysis show strong variations along the tran-
sect (Fig. 5). On the first approximately 10 m of the radargram, below a bare soil sec-
tion, moisture contents are rather high and then decrease sharply when entering the
vegetated area. Below the section of the profile where vegetation and accumulations
of fine sand at the soil surface are missing (~30...40 m), relative dielectric permittivity,
hence average soil moisture content, rises abruptly and drops again as the following
vegetated patch is crossed. Within the adjacent bare soil section, average volumetric
soil moisture content and relative dielectric permittivity are again high and remain at
these values for the final section of the radargram. The analysis clearly shows, that
differences in observed travel times (Fig. 4) are not exclusively related to changes in
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reflector depth. They strongly depend on lateral variations in average soil moisture con-
tent which changes significantly while crossing the bare and vegetated units along the
transect. Short travel times beneath the vegetated area are caused by a low volumet-
ric soil moisture content while longer travel times in the bare soil section are strongly
related to a higher soil moisture content in this area. Assuming one single propagation
velocity for the GPR signal for the complete measurement line (Fig. 5, green line) leads
to severe deviations of the estimated reflector depth from the real situation. Without
showing the results, we comment that similar observations with high relative dielec-
tric permittivities, hence average volumetric soil moisture contents below the bare soil
areas and low values below the vegetated area were made for the other radargrams
crossing the vegetated area.

4.2 Spatial data

Contour plots of surface and reflector topography, thaw depth below ground surface,
and average volumetric soil moisture content of the unfrozen active layer are shown in
Fig. 6. The large-scale topography of the reflecting frost table generally follows the sur-
face topography. Neglecting the slope and looking only at the thickness of the thawed
active layer, one can clearly observe a shallower frost table beneath the vegetated area
even if variations in dielectric permittivity along the transect are considered. In this
area, where the ground surface is also higher than the surrounding region, the frost
table builds a shallow mound below the vegetation. In addition, a shallow frost table
was observed along the roadside ditch which results from its lower topographic height
compared to the adjacent measurement lines which apparently is not able to “burn”
into the frost table. This is possibly due to its higher water content from enhanced
infiltration. Upslope of the road, in the bare soil sections surrounding the vegetated
area, the depth of the frost table is about 0.3 m to 0.7 m deeper than underneath the
vegetated patch. Similar to slightly shallower frost table depths were derived for the
transect along the road and the two profiles downslope of the gravel road.

Measured average soil moisture contents are lowest underneath the vegetated patch
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and rise beneath the directly surrounding bare soil area. With greater distance to the
vegetated patch, average soil moisture contents decrease again in the upslope area of
the bare soil sections. Highest average soil moisture contents were detected below the
gravel road, the adjacent roadside ditch, and along the profiles measured in the valley
bottom downslope of the road.

4.3 Discussion of the observed frost table depths and average soil moisture
contents

The observed late-summer patterns of thaw depth and soil moisture content are the
result of various short and long-term processes that interact during the thawing season.
Since our data only represent one point in time and additional continuous observations
like meteorological variables, soil moisture conditions or snow cover are not available,
we can only hypothesise about the processes that led to the observed thaw patterns.

For the following discussion the site is divided into three major units: (i) the bare soil
area upslope of the Xinjang-Tibet Highway which is characterised by a relatively deep
frost table and low to intermediate average soil moisture contents, (ii) the vegetated,
fine sand area with shallowest thaw depths and low soil moisture contents, and (iii) the
gravel road and its downslope area with a high volumetric soil moisture content and
intermediate thaw depths.

From our observations, differences in the active layer thaw depth measured in the
study area can primarily be related to variations in soil texture and the corresponding
soil moisture content, vegetation cover and albedo which allow to interpret the differ-
ences in energy transfer between soil and atmosphere. In addition, we can make some
hypotheses about the thawing process between its initiation in early summer and the
observed late-summer situation.

In early summer, runoff primarily occurs as surface runoff on the almost completely
frozen ground surface. Surface topography diverts the flow and guides it along the
existing channels. Surface runoff will pass around the elevated vegetation patch and
discharge into the valley bottom along the riverbed that extends parallel to the road.
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Surface albedo is lower in the wet areas than in their surroundings which allows a
larger ground heat flux compared to the dry regions. With the infiltrating, already warm
surface water, the thawing front proceeds faster through the coarse textured material.
Later, runoff primarily occurs as groundwater flow which can again be expected to be
concentrated primarily within the coarse textured materials of the site. However, a
groundwater table will also develop above the ice table in the fine textured material,
even if groundwater flow can be expected to mainly occur in the coarse textured sedi-
ments covering the site. The high density of the roadbed together with its low average
pore size and correspondingly low hydraulic conductivity will generally cause a high
moisture content within this unit. These properties may also induce ponding of dis-
charging groundwater from the upslope area and favour the settlement of grass in the
fine textured areas close to the road bed due to their higher water retention capacity
and initially high groundwater levels here. The measured intermediate thaw depth be-
neath the roadbed and the downslope area may in part be a result of thermal erosion
of infiltrating water within this main discharge area of the catchment.

Since the site is located in a desert environment, precipitation is very small. Hence,
during summer, after infiltration from runoff has ceased, the unsaturated, coarse
grained sediments in the bare soil sections can be expected to have a lower water
content than the fine textured areas due to their lower water retention capacity. This
would lead to a higher ground heat flux and a deeper active layer thaw depth in the bare
soil section compared to the fine textured patch as it also has been observed during
the survey. The measured high soil moisture content in the bare soil region appears
to disagree with this interpretation. One has to realize, however, that the measured
average soil moisture content originates from the shallow groundwater body on top of
the frost table on the one hand and of the water in the soil matrix which is held by
capillary forces. The GPR method applied here is not able to resolve the vertical water
content distribution. Since the ice table below the vegetation is obviously more shal-
low, the same is true for the groundwater. Hence, the average soil moisture content
is lower. We interpret the comparably low average soil moisture contents measured in
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the bare soil areas farther away from the vegetated patch by the deeper frost table in
this region. An equal thickness of the groundwater body here leads to a lower average
soil moisture content as inferred from the GPR measurements.

Within the fine textured, vegetated area, the observed shallow thaw depth and low
soil moisture content may result from a combination of a number of factors. In general,
the grass cover is rather sparse, hence the shielding effect of the vegetation cover may
be regarded to be rather negligible compared to the dense vegetation covers which are
known for peat soils in other permafrost regions. With respect to the subsurface phe-
nomena in the fine-textured area, in early summer, at still high groundwater levels, the
higher water retention capacity of the fine-textured material will allow a higher capillary
rise of water from the groundwater table in this area. This favours the availabiltity of
water for evaporation which, again, has a cooling effect in this area. The observed pre-
cipitations of surface salt potentially increase the albedo compared to the surrounding
bare soil regions which leads to a stronger reflection of solar radiation and therefore
reduces the energy transfer into the soil. In addition, the increased availability of near-
surface water within the fine textured area may have promoted the settlement of plants
in this region. The sparse grass cover in combination with the sand accumulations at
the soil surface increases surface roughness in this area. This may induce more tur-
bulent fluxes which aid in removing sensible and latent heat from the soil surface, thus
enhancing the cooling of the subsurface. We expect that the sum of these processes
lead to a lower energy transfer into the soil of the vegetated patch favouring a shallower
thaw depth within this area. With respect to soil moisture content we presume that the
measured low average water content primarily originates from water that is held by
capillary forces and that groundwater is almost missing here. The absolute elevation
of the frost table within the vegetated area is higher than in the surrounding bare soil
regions. Consequently, we expect groundwater discharging from upslope areas to flow
around the patch and through the coarser grained sediments of the bare soil sections.
The same is true for surface runoff, which indeed may be the starting point — in early
summer — of this differentiation.
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5 Summary and conclusions

Multi-channel ground-penetrating radar was applied at a continuous permafrost site on
the Tibetan Plateau in order to investigate the influence of surface and soil textural
properties on the late-summer thaw depth of the active layer. Even if conducted on a
rather small example site with strongly varying surface and soil textural conditions, this
investigation demonstrated the potential of multi-channel ground penetrating radar to
efficiently map thaw depth and average soil moisture content of the active layer with
high spatial resolution.

From our measurements, we found plausible hypotheses for the permafrost dynam-
ics at this site. Surface and subsurface factors (topography, vegetation, albedo, soil
texture and soil moisture content) strongly influence the shape of the frost table. This
influence is far from ftrivial, however, since surface and subsurface factors and pro-
cesses interact in a complicated manner: Instead of a naively expected high amount
of water in the fine textured soil the amount was lower than in the surrounding coarse-
textured soil due to complicated interactions:

— Surface topography diverts early-summer surface flows around the vegetated
patch and decreases the albedo of the wet surfaces.

— With the already warm surface water, lower albedo and higher ground heat flux,
the thawing front proceeds faster through the coarse textured material, leading to
the observed deep thaw depth.

— A higher evaporation flux in the fine-textured material reduces the ground heat
flux and soil moisture content. The cooling effect is enhanced by removal of heat
due to turbulent fluxes on top of the rough surface, a higher albedo caused by salt
precipitations, and shielding of the ground surface by the vegetation.

— Atthe end of the thawing season, subsurface flow continues to be diverted around
the vegetation patch due to the evolving hump in the frost table.
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The multi-channel GPR technique efficiently covers the intermediate scales between
traditional point measurements and space-based remote sensing. In this way, it pro-
vides spatial information about meso-scale heterogeneity of active layer parameters
that is hard to obtain otherwise. This opens a way for more detailed investigations
of ecosystem dynamics in permafrost environments. In addition, the technique yields
spatial information of subsurface parameters which can be used as ground-truth data
to calibrate and interpret remote sensing data and results from permafrost models.
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Fig. 1. Geographical position of the Qitedaban-Site (35° 45’ N, 79° 26’ E, 4950 m a.s.l.).
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Fig. 2. Photographs of the study area: GPR measurements were acquired at the foot of an
alluvial fan, partly across bare soil, a small vegetated area and the roadbed of the Xinjiang-
Tibet Highway (red box; arrows indicate the direction of GPR lines as shown in Sect. 4). A
detailed photograph of the vegetated area and the adjacent bare soil is provided on the left
photograph, the black arrow indicates the location and viewing direction of the photograph at
the left.
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Fig. 3. (a) Photograph of an 8 channel setup. (b) Sketch of the 9 possible transmitter-receiver
combinations. For analysis, radargrams are shifted to a common reflection point, here to the
position where the reflector of the tachymeter is mounted on the middle antenna. (¢) CMP

pathways after lateral shift of radargrams.
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Fig. 4. Example radargrams from all 8 channels showing a measurement which traversed
both, bare soil and the vegetated area. Vegetated and bare soil sections are indicated in the
topmost radargrams. Air wave and ground wave travel times are drawn in light blue, antenna
separations (AS) are given at the lower right of each radargram. Below the vegetated areas the
reflection from the frost table is not clearly visible at long antenna separations.
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Fig. 5. Surface topography, reflector depth (top graph), average volumetric soil moisture content
and relative dielectric permittivity (bottom graph) inferred for the example transect shown in
Fig. 4; blue: raw data, red: data averaged using a linearly weighted running mean filter over
a distance of 2m, green: reflector depth calculated with a constant dielectric permittivity of
£,=15.
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Fig. 6. Surface and reflector topography, thaw depth, and average soil moisture content calcu-
lated for the active layer within the measurement area. Black lines indicate positions of GPR
profiles. For better orientation, the positions of the gravel road, vegetated and bare soil area,
and the example line discussed in Figs. 4 and 5 are indicated separately.
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