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Abstract. Multi-channel ground-penetrating radar (GPR) 1 Introduction

was applied at a permafrost site on the Tibetan Plateau to

investigate the influence of surface properties and soil texPermafrost on the Tibetan Plateau reacts very sensitively to
ture on the late-summer thaw depth and average soil moisclimate changelu and Chen2000Q Zhao et al.2010. Cur-

ture content of the active |ayer_ Measurements were Confent observations show, for instance, an increase in ground
ducted on an approximately 8560 n? sized area with sur- temperatures and active layer thickne€hg¢ng and Wu
face and soil textural properties that ranged from medium t02007 Zhao et al. 2010, and a related lowering of ground
coarse textured bare soil to finer textured, sparsely vegetate@ater and lake water levels and desertification that is caused
areas covered with fine, wind blown sand, and it includedby the drier ground surfac€heng and WL2007).

the bed of a gravel road. The survey allowed a clear differ- In cold regions, the active layer is “the layer of ground that
entiation of the various units. It showed (i) a shallow thaw is subject to annual thawing and freezing in areas underlain
depth and low average soil moisture content below the sanddy permafrost” ¢an Everdingen1998. In this environment,
covered, vegetated area, (ii) an intermediate thaw depth and Plays a significant role since almost all biogeochemical,
high average soil moisture content along the gravel road, anétydrological, ecological, and pedogenic processes take place
(iii) an intermediate to deep thaw depth and low to interme-in this uppermost part of the soiK@ne et al. 1991, Hinz-
diate average soil moisture content in the bare soil terrainman et al. 2005. The thaw depth of the active layer deter-
From our measurements, we found hypotheses for the pemines, for instance, the partitioning of surface and ground-
mafrost processes at this site leading to the observed latavater runoff, it influences the rate of water and gas exchange
summer thaw depth and soil moisture conditions. The studyoetween the soil and the atmospheBaiguay et al. 2009
clearly indicates the complicated interactions between surand the occurence of specific vegetation communitiesé¢
face and subsurface state variables and processes in this egt-al, 1991 Walker et al, 2003.

vironment. Multi-channel GPR is an operational technology From a large-scale perspective, the thaw depth of the ac-

to efficiently study such a system at scales varying from ative layer primarily depends on temperature and the length of
few meters to a few kilometers. the thaw seasorHjnzman 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 temperature, physical
and thermal properties of the surface cover and the substrate,
vegetation cover, soil moisture content, albedo, and thickness
and duration of snow covebDiguay et al.2005 Hinzman
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Monitoring of active layer freeze and thaw processes isand the overlying unfrozen active layer (dielectric permittiv-
most often based on point measurements like boreholes (e.gty of wet sand/gravel: 10...26harmal1997), the frost ta-
Brown et al, 2000 Wang et al.2000. The standard proto- ble usually appears as a well detectable, continuous reflector
col of the Circumpolar Active Layer Monitoring (CALM) in the radargram.
program, for instance, recommends mechanical probing of The major drawback of the typical common offset, single
the end-of-season thaw depth of the active layer with a frosthannel GPR measurements is, that the travel time measured
probe as standard monitoring procedBeofvn et al, 200Q to estimate the depth of a reflector strongly depends on the
Smith and Brown2009. However, at point locations, year- dielectric permittiviy of the ground as well. Hence, there
to-year and microtopographic variations in surface temperaare two unknown quantities, typically variable both in space
ture and soil moisture content can induce large spatial variaand time, that determine the single measurement quantity.
tions in thaw depthl(emke et al.2007). Examples for active =~ A common work-around is to calibrate dielectric permittiv-
layer thaw depth variability are given, e.g., Wyright et al. ity and the related reflector depths with additional measure-
(2009 for small-scale variations and INelson et al(1998 ments, e.g., in boreholes (e.gvrcone et al. 1998 Lunt et
andHinkel and Nelsor{2003 for larger areas. Hence, in or- al.,, 2005, at excavates of soil profiles (e.g\Nollschiager
der to obtain a deeper understanding of spatial active layeand Roth2005 or common-midpoint (CMP) GPR measure-
processes, efficient methods which allow a high-resolutionments (e.g.Schwamborn et gl2008. All this is practically
mapping of active layer conditions are desired. feasible at only a few locations. However, due to the het-

In order to derive large-scale spatial information abouterogeneous texture of natural soils, soil moisture content and
permafrost conditions, various satellite remote sensing techeonsequently dielectric permittivity typically vary horizon-
nigues are currently being applie@hang et al. 2004 tally over rather short distances (e.Greaves et a1.1996.
Duguay et al. 2005. So far, the challenge with map- This results in distortions of reflector depth as displayed in
ping near-surface permafrost conditions from space is that radargram if a constant signal propagation velocity for the
only information about surface properties is available whichcomplete transect is assumédte@l 2004. Hence, estimates
then has to be related to complicated subsurface phenomerdd reflector depth which are calibrated at only a few points
(Zhang et al.2004 Duguay et al.20095. along the measurement transect are only able to provide a

At an intermediate scale, ranging from a few meters torough estimate of the true reflector structure.

a few kilometers, ground-based geophysical measurements An efficient way to obtain more accurate information
yield spatially highly resolved information on material prop- about the true shape of the reflector and additionally infer av-
erties and state variables like soil moisture content. Inerage soil moisture content are continuous multi-offset mea-
permafrost regions, ground-penetrating radar (GPR) is welsurements obtained using multi-channel GPR syst&masif
suited for studying near-surface phenomena which are reford, 2008 Gerhards et al2008. Here, the survey is done
lated to soil moisture and ice content, respectively. GPRin the profiling mode with an array of several coupled GPR
by now has been applied in various permafrost studiesantennas which allows to measure the travel times from a
e.g., for mapping the depth of the permafrost tatde- ( number of different antenna separations at once. The ac-
cone et al.1998 Hinkel et al, 2001 Moorman et al.2003 quired data can be evaluated in analogy to a standard CMP
Schwamborn et gl.2008 or layer boundaries in frozen survey while the distance between the CMP data sets is de-
ground Hinkel et al, 2001), exploring massive ground ice termined by the pre-selected trace interval (e.g., each 0.1 m).
(Annan and Davis1976 and pingo ice Yoshikawa et al.  Given suitable, continuous reflectors, this new measurement
2006, ice wedgesHlinkel et al, 2001, Munroe et al.2007), technique allows to infer high-resolution spatial information
or thaw depth beneath strearBsddford et al.2005 Brosten  about the reflector structure and average soil moisture con-
et al, 2006 2009. In addition, GPR has been employed tent without requiring much additional data for calibration.
to infer the near-surface moisture content of the active layein permafrost regions, the technique allows to non-invasively
from the analysis of ground wave measuremeltedrman  map both, the thaw depth and the vertically integrated soil
et al, 2003. moisture content of the active layer which is important infor-

The measurement principle of GPR is based primarily onmation, for instance for the interpretation and modelling of
the analysis of the propagation velocity of electromagneticthawing and freezing processes.
waves travelling through the ground. The propagation veloc- The objective of our study is to apply multi-channel GPR
ity predominantly depends on the soil’s dielectric permittiv- at a continuous permafrost site in order to efficiently infer
ity which itself is directly related to the water and ice content, spatial variations in thaw depth and average volumetric soil
respectively Davis and Annanl1989. Reflections occur at moisture content of the active layer. In addition, we use
interfaces that are related to abrupt changes in dielectric petthis advanced geophysical measurement technique to obtain
mittivity, e.g., at layer boundaries, at a groundwater table indeeper understanding of field-scale active layer processes.
a coarse-textured soil or at the frozen-unfrozen ground interTherefore, we first present an extended measurement tech-
face. Due to the strong dielectric contrast between the frozemique with respect to the one describedGerhards et al.
(dielectric permittivity of permafrost: 4...55harma1997) (2008 by using an eight-channel GPR system and adding a
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detailed topographical survey which allows for an accurate
three-dimensional representation of both, the ground surface >
and the frost table topography. Furthermore, we stabilize the
inversion procedure by applying a small modification in the
determination of the air wave travel times. Finally, we briefly 45
discuss the observed patterns in thaw depth and soil moisture
content with respect to the surface and soil properties of the 40" &=
investigated site. 35°

30°
2 Site description 25°
The study site is located near the Qitedaban mountain passzoo 5 , &3 .
(3545 N, 7926 E, 4950m as.l), in the northern Ak-  ° o - o -
sai Chin Region, Xinjiang Uigur Autonomous Region, W-
China (Fig.1). This western part of the Tibetan Plateau is Fig. 1. Geographical position of the Qitedaban-Site %@% N,
mainly characterised by high-cold desert landscapesdt ~ 79°26 E, 4950m a.s.l.).
al., 2007). Being situated in the rain shadow of the Karako-

rum and Kunlun mountain ranges, annual convective precip- ) ) i
itation in the area is less than 50 mm which is occasionallyeters to soil surface properties and soil texture. Therefore,

enhanced by monsoon rainfaésse et al1991). The ra- W€ Selected an approximately 850t sized plot at the

tio of evaporation to precipitation ranges between 20 and 5300t of the slope where the soil surface was partially bare
(Gasse et 811991 indicating the extremely arid climate of and partially covered with sparse grass (F2y. In addi-

the study areazhou et al (1998 provide a lower permafrost 10N, the area is traversed by the Xingjiang-Tibet Highway,
limit of 4400m to 4500m a.s.l. for the W-Kunlun region. which represents another textural unit of our study site. The

The site is situated within an area of continuous permafros£0il Peneath the bare surface basically consists of medium to
(Jin et al, 2000). coarse grained sand and gravel. Below the vegetated area it is
|characterised by rather homogeneous fine to medium grained
sand which is covered by a 10 to 15 cm thick layer of even
is almost bare. It is covered with a number of small flow fin€r, presumably wind-blown sand that has been accumu-
lated by the sparse grass cover. Within the vegetated area,

channels which were dry during the survey. During an ear- ey X
lier measurement campaign in early October 20B6rpards precipitations of salt were observed on the soil surface. The
surface salt indicates the high amount of evaporation from

et al, 2008 some of the channels were water bearing but sur- . . : .
face water infiltrated completely before reaching the foot ofth_e flne textured soll in this area. The sand gccumulatlons
the slope. In a soil profile which was excavated during theVithin the vegetated patch produce a rough, slightly elevated

2007 measurement campaign a few hundred meters upslope/face topography with a maximum height of about 0.5m

of the measurement plot a groundwater table was observed 5'[:'9' 2).
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 wayytj-channel GPR measurements were performed as a mod-
ter retention capacity of the fine grained soil which makesifjcation of the method presented Berhards et al2008.

the soil water available for evaporation close to the ground|, the following, we give an overview about the new equip-
surface. At the foot of the alluvial fan, on both sides of the ment together with the central equations of the multi-channel
Xinjiang-Tibet Highway, small vegetated areas occur. In theg, 5juation ofGerhards et a(2008 and the modification of

valley bottom, a dry river bed extends parallel to the graveline evaluation procedure as adapted for this study.
road. In some sections it is located upslope of the gravel

road, then crosses the highway and continues in the downss 1 Materials
lope area of the road.

In contrast to the former study @erhards et al(2008 Measurements were conducted using a multi-channel GPR
who applied data from a single GPR transect crossing a smaktrray (Fig.3a, b) that consisted of three standard 200 MHz
creek at this permafrost site to demonstrate the new multishielded antenna systems (TR 200 K2) in combination with a
channel GPR technique, this study aims at the spatial exDAD K2—MCH control unit and the distribution box (4CH),
ploration of active layer thaw depth and soil moisture con-all manufactured by IDS (Ingegneria dei Sistemi S.p.A.,
tent and the investigation of the relationship of these paramitaly). The antenna boxes were coupled in a row with a

Measurements were conducted at the foot of an alluvia
fan (Fig.2). The soil surface at the upper part of the slope

Materials and methods
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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 shodntinFig.

dashed line: transect discussed in Sect. 4.1, Figs. 4 to 6, transitions between vegetated and non-vegetated areas are marked separately).
detailed photograph of the vegetated area and the adjacent bare soil is provided on the left photograph, the black arrow indicates the locatior
and viewing direction of the photograph at the left.

fixed distance of 1.01 m between the two front antennas andiently create maps of the depth and absolute topography of
a distance of 2.015 m separating both rear antennas. As ithe frost table and the spatial distribution of active layer soil
a standard common-offset survey, the whole antenna arragnoisture content throughout the measurement area.

was pulled along the transect while signals were triggered by

the survey wheel which was mounted at the back of the reaB.2 Methods

antenna.

The employed multi-channel GPR system allows to ac-Multi-channel GPR measurements were acquired on 31 Au-
quire data from a total of nine transmitter—receiver combi-gust 2007 when the annual thaw depth of the active layer
nations, in the following referred to as “channels” (Fitp), was presumed to be close to its deepest position. The site
while the applied measurement software is capable to simulwas explored by measuring eight parallel lines (Rjgstart-
taneously record signals arriving from eight channels. Foring upslope of the vegetated area with one profile covering
our survey we chose to measure radargrams with the fola complete transect of bare soil. The following three lines
lowing antenna separations: x20.19m (T2-R2; T3-R3), started and finished on bare soil while crossing the vegetated
0.82m (T2-R1), 1.2m (T1-R2), 1.83m (T3-R2), 2.21 m area in-between. The next profile was measured in the road-
(T2-R3), 2.84m (T3-R1), and 3.22m (T1-R3). Comparedside ditch of the Xinjiang-Tibet Highway and was followed
to the study ofGerhards et al2008 which was performed by a line located directly on the gravel road. Finally, two
with a 4-channel setup, the availability of eight channels ismore transects on the opposite side of the highway were ex-
expected to stabilise the multi-channel evaluation since it isplored. Here, in the valley bottom, the soil surface was again
less sensitive to outliers. partially covered by sparse vegetation.

As a new part of the measurement technique, the position Radargrams were recorded using a time window of 100 ns,
of the GPR array and surface topography were recorded uswith 10 samples per ns and 24 stacks per trace. For the
ing a TCRA1102 tachymeter (Leica GeoSystems, Germany)multi-channel evaluation, measured data from the different
The survey lines were mapped by the tachymeter by automathannels first have to be resorted such that they share the
ically tracking a 360 prism mounted on top of the middle same common measurement point and reflections occur from
antenna (Fig3a, b). These additional data allow us to effi- a similar area of the reflector (Fi@c). Hence, in case of
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good data quality, ideally data recorded with seven differ- B v %
ent antenna separations (by design, two of the eight available
channels have the same antenna separation, cf.B&chre
available for the inversion. In this investigation, we used the
position of the 360 prism of the laser tachymeter (Figb) -
as reference position for the relocation procedure. Since the B = =
survey is run in the normal profiling mode, the separation =
between the CMP data sets is equal to the spatial trace incre-
ment which was set to 0.05 m for this survey. By this moving
CMP technique, we are able to efficiently estimate relative
dielectric permittivity, reflector depth and average soil mois-
ture content for each individual position along the radargram.

Data processing was minimal and consisted of (i) appli- (a
cation of a dewow filter in order to remove low frequency S
noise, (ii) clipping of all radargrams to a total time window moying direction T
of 80ns, and (iii) adjustment of the color density for each
radargram individually for visualisation purposes. No ampli-
fication was applied to 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 (Fid).

Based on a ray approach, the multi-channel evaluation ! , ! !

T1 Rl T2 R2 T3 R3

method Gerhards et al.2008 assumes that the two-way (b) 1.01m 2.015m
travel timer of the electromagnetic signal to a reflector at di
. . . L. istance [m]
a positionx in the surroundings of the reference positign -1 0 1
and antenna separatiaeris given as 0
0.2

&
1(x;a) = i_cCOS(a)x/4[d+[XO—X]tan(a)]ZJraz 1) € 04

0 =
wheree, is the relative dielectric permittivity of the soig is § -06
the speed of light in vaccuum (0.3 mm3, « is the reflector’s -08

inclination angle, and its depth atxg. Relative dielectric  (c) -1.0
permittivity of the soil, depth and inclination angle of the 3 Bh hof an 8 ch | Sketch of th
reflector for every position along the radargram are estimate(g'g' (@) Photograph of an 8 channel setufb) Sketch of the

from the absolute travel times of the signals measured with possible transmitter—receiver combinations. For analysis, radar-

. . . S . grams are shifted to a common reflection point, here to the position
all available transmitter—receiver combinations. This is doneWhere the 360 prism of the tachymeter is mounted on the middle

by minimizing the objective function antenna(c) CMP pathways after lateral shift of radargrams.
(N,K)
2
OF(b) = (trefi(¥u, &) — fmodelXn, ak; b)) &)
(n,k) Air wave travel times are required since, in most GPR

whereb={¢.,d,a} is the parameter vectafes andrmodelare  surveys, the absolute start-of-trace signal (time zero) is not
the measured and modelled reflected wave travel times foavailable. Instead, the travel time of the air wave, with its
N measurements aroung obtained fromK antenna sep- known velocity, is used as a reference. Since, with the system
arations,x,, (n=1, ..., N) are measurement points around used here, amplitudes of air wave signals measured with long
x0, anda, (k=1, ..., K) are the antenna separations. If, antenna separations are often very low, picking of the accu-
due to low data quality, picking of reflections along cer- rate air wave travel time is difficult or even impossible. To
tain sections of single radargrams is not possible, the evalevercome this difficulty we used the air wave adaptation pro-
uation program automatically conducts the inversion with all cedure ofGerhards et a(2008 which is based on the multi-
data which are available for the pre-defined distance interchannel evaluation. In order to confine the inverse adaptation
val aroundxg which was set to 0.5m for this survey. With of air wave travel times to a reasonable range, as a modifi-
respect to the trace interval of 0.05m and ideally data fromcation to the work ofGerhards et af2008, air wave travel
eight channels, for this setup up to 72 data points are availtimes of the channels with 0.19 m antenna separation (T2—R2
able to minimise the objective function for one single posi- and T3—-R3), which were well identifiable in the radargrams,
tion along the radargram. were first picked and then fixed to a constant average travel
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Fig. 4. Radargrams from all 8 channels showing a measurement which traversed both, bare soil and the vegetated area (Fig. 2). Data are
plotted including topographical correction. Vegetation 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.

time which was calculated for both channels individually. depths and average soil moisture contents. However, relative
Subsequently, air wave travel times of all other channels werehanges in these parameters within the data set will still be
adjusted by using the air wave adaptation algorithm. Thisrecognisable after this correctioB¢rhards et al2008.
procedure was done for each of the eight transects individu- The average volumetric water conteénf the unfrozen

ally in order to account for a drift of the antenna electronics. active layer was calculated from the estimated relative di-
For data evaluation, we use constant air wave travel timelectric permittivities according teoth et al (1990 for each

for each individual radargram. This time-zero determinationposition along the radargram by using the CRIM (Complex
procedure may cause a certain bias on the estimated abs&efractive Index Method) formula:

lute relative dielectric permittivities and the related reflector
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\/E_C = 9@-’- [1- ¢]\/8_S+ [¢ — 9]&’ (3) | bare | vegetation “ bare | veg. | bare |
207 ce topograpy
wheree. is the composite dielectric permittivity of the soil, ;] e
composed of the volume fractions of solid mattix water £ OQW
ew, and airea, ande¢ is porosity. Re-arrangement of EG) ( g 100 WMM‘,, /
for calculating volumetric soil moisture content leads to 20 (o exaggerated)
T T T T T T T T T T

0 10 20 30 40 50 60 70

g N fEs(1=9) ¢
Ry

The dielectric permittivity of water was set to a constant
value of 86.1 corresponding to a soil temperature 8€5
(Kaatze 1989. For the dielectric permittivity of the solid T
matrix we initially assumed a constant valuesgE5, and distance [m]

set the porosity to an estimated fixed valuegof 0.4. In

addition, the uncertainty of these estimates was further evalfig- 5. Surface topography, reflector depth (top graph), average
uated by running the analysis with porosities and dieIectricVOlumet”C soll n_10|sture content and relative dielectric per_mltt_lwty
permittivities of the soild matrix ranging from 0.3 to 0.5 and (bottom graph) inferred for the example transect shown in £ig.

4106 tivelv. Th | dtob red: raw data, dark blue: data averaged using a linearly weighted
06, respeclively. These values are assumed 1o be reasoFb'nning mean filter over a distance of 2m, cyan: uncertainty limits

able estimates for the outer limits ¢fandes for the soil at  for the averaged soil moisture contents (dark blue) using the CRIM
the investigated site. formula and assuming variations in porosity and dielectric permit-
For plotting of the radargrams we considered topographytivity of the solid matrix of 0.3...0.5 and 4...6, respectively, green:

by shifting each trace vertically by 0.1 ns per meter heightreflector depth obtained from a hypothetical single-channel GPR

difference. For spatial visualisation of the data acquired frommeasurement assuming a constant dielectric permittivity. ef15.

all eight transects, contour plots of surface and reflector to-The relative permittivity axis refers to the averaged moisture con-

pography, depth of the reflector below the ground surface andents printed in dark blue assumirg= 0.4 andes = 5.

average volumetric soil moisture content were generated by

a simple bi-linear interpolation of the values measured along

the different transects. Figure 5 shows the topographically corrected reflector
depth, relative dielectric permittivity and average volumet-
ric soil moisture content of the unfrozen active layer as de-

(4)

vol. moisture content [-]
[-] Aunmiwiad “jai

4 Results and discussion rived from the multi-channel analysis for the survey line dis-
played in Fig.4. Both, the topography of the reflector be-
4.1 Transect crossing bare soil and vegetation low the ground surface and also the dielectric permittivity

estimated from the multi-channel inversion are rather noisy
Radargrams for all eight channels derived from a multi- (Fig. 5, red lines). We explain the origin of these small-scale
channel measurement along one selected transect are showariations by small changes in antenna separations, instru
in Fig. 4. The data were recorded along a measurement lingnent noise, and the picking accuracy which is on the or-
upslope of the roadside ditch partly traversing bare soil ancder of 0.2 ns. All these factors induce small-scale statistical
partly the vegetated area (cf. Fig. 2). In the middle of thevariations in the measured travel times of the various chan-
transect a non-vegetated section within the vegetated part afels which are expressed as high-frequency fluctuations in
the site was crossed. the raw data and are carried further into the multi-channel
All radargrams show one dominant reflection from the evaluation. For the interpretation of the variations of reflec-
frost table which is well detectable on each channel. Intor depth and dielectric permittivity, we smoothed both data
general, the shape of the reflector indicated by its two-waysets with a linearly weighted running mean filter calculated
travel time follows the surface topography, with travel times with 2 m support (Fig5, dark blue lines) and concentrate in
slightly longer below the bare soil sections than below thethe following on the discussion of major variations in reflec-
vegetated sections. This initially indicates a deeper frost tator depth, dielectric permittivity and average soil moisture
ble and/or a higher soil moisture content in this area com-content, respectively, which are large compared to the statis-
pared to the vegetated patch. Below the vegetated area, &ital noise. In addition, a systematic error may be induced
long antenna separations, the reflection becomes weak dy the air wave adaptation method which may lead to a small
even disappears. We presume that this is mainly due to thehift in absolute travel times of single channels but will not
weaker antenna-ground-coupling at the rough ground surfacaffect significantly the inferred relative changes of reflector
in combination with high geometrical spreading at long an-depth and soil moisture content along single transects (see
tenna separations. also Sect3.2). A detailed discussion on errors for the air

www.the-cryosphere.net/4/269/2010/ The Cryosphere, 4,2692010



276 U. Wollschéger et al.: Multi-channel GPR for exploring thaw depth and moisture content of the active layer

( bare vegetaion bare veg., bare } flector depth was calculated for a constant dielectric permit-
38; tivity of ec =15 as inferred from the multi-channel inversion
o 60 for most sections of the bare soil areas. It corresponds to a
§ ig; constant signal velocity of 0.08 mn% (Fig. 5, green line).
£ 304 Compared to the estimates with variable dielectric permittiv-
© 20 ity, this leads to a frost table that is 0.5 m shallower beneath
e the vegetated patch.
€o_25—§ The analysis clearly shows, that differences in observed
5020 travel times (Fig4) are not exclusively related to changes in
5015 reflector depth. They strongly depend on lateral variations in
%0-102 | average soil moisture content which differs significantly be-
© 0057 tween the bare and vegetated sections. Short travel times be-
= 01— ! neath the vegetated area are strongly related to low dielectric
£ if)f permittivities which can be referred to low volumetric soil
2 08 moisture contents in this area. Longer travel times in the bare
£ 06 soil sections are strongly influenced by a higher soil moisture
g 047 content in this region. Assuming one single propagation ve-
E 0'5} locity for the GPR signal for the complete measurement line
0 10 20 50 60 70 (Fig. 5, green line) leads to severe deviations of the estimated

0 40
distance fml reflector depth from the real situation. We comment that sim-

Fig. 6. Number of measurement points available for each position"ar observations with high relative dielectric permittivities,
along the transect (top) and errors in reflector depth (middle) andence average volumetric soil moisture contents below the
relative dielectric permittivity (bottom) resulting from the inverse bare soil areas and low values below the vegetated area were
parameter estimation. The number of data points is determined bynade for the other radargrams crossing the vegetated area.
the number of channels where picks of the frost table reflection areThey are visualised in the spatial representation of the data
available (Fig4). which is discussed in Seet.2

o L 4.1.1 Uncertainty estimation
wave determination and adaptation is giventgrhards et

al. (20_08' . . In the following, we will use the results from the transect pre-
As itwas already observed from the travel times displayedge e in Sect. 1 for discussing the uncertainty of the dif-

in the radargrams (Fig}), the inverted frost table depth (dark (o et steps of the multi-channel evaluation procedure. Since
blue line) generally follows the surface topography but dif- yicing of the reflection from the frost table was not possible
ferences between bare soil and vegetated sections along thg, -| channels along the complete measurement line 4fig.

transect appear not as obvious as indicated by the signal 4 iaple number of measurement points along the transect

travel times. Nevertheless, it is still more shallow below theis available for the inverse parameter estimation. We will

vegetated sections compared to the bare soil area which bggqt giscuss the uncertainty of the inversion procedure with
comes more obvious when looking at the spatial data (ig. egpect to the estimated reflector depths and dielectric per-

Wh'Ch are described in Seet.2 This .tha\'/v depth Va”a_b'!', mittivities taking also into account the available number of
ity can be related to strong changes in dielectric permittivity o< rement points. Afterwards, we will evaluate the uncer-

along the transect which can primarily be referred to lateralgyinyy in the soil moisture content estimates using the CRIM
changes in average soil moisture content (B)g. On the formula

first approximately 10 m of the radargram, below a bare soll
section, moisture cqntents are rather high and then decrea‘?:errors resulting from the inverse parameter estimation
sharply when entering the vegetated area. Below the sec-

tion of the profile where vegetation and accumulations of fine

. o , Errors (Fig.6) were calculated as confidence limits on the
sand at the soil surface are missing30...40 m), the dielec- . .
. o X . .___estimated model parameteBréss et al.2002 assuming
tric permittivity, hence average soil moisture content, rises

) ) -that the problem around the parameter optim can
abruptly and drops again as the following vegetated patch De Iinear?sed and that the megsurement :rrorg?rt}a normally

r . Within th i n r il ion, aver vol-.” . . . .
¢ osse_zd . t . the adjacent bare =0 se_cto » average 0dlstrlbuted. The erron\b; alias the confidence interval for
umetric soil moisture content and dielectric permittivity are

again high and remain at these values for the final section of arameteb; was calculated by
the radargram.

To visualise the impact of the varying dielectric permit- . —— [OF(bop) [, .1 \~1
tivity on the estimations of the depth of the frost table, re- Abi=v113 S—-3 [(J J) ]ii ’ ®)
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Fig. 7. Surface and reflector topography, thaw depth, average soil moisture content and total soil moisture content calculated for the thawed
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 line discussed indFagsl5 are indicated separately. The dashed line roughly marks the
vegetated area upslope of the gravel road.

where OKbqpy) is the objective function at its minimum The errors for reflector depth and dielectric permittivity
value at the end of the inverse parameter estimationJasnd are low remaining below 0.08 m and 0.3, respectively along
the Jacobian matrix. The value— 3 represents the number most parts of the transect. In addition, the uncertainty re-
of the used data points reduced by the number of the parameluces with more data points being available for the inverse
ters which is 3 in our case. The value below the square root iparameter estimation. In cases where all eight channels pro-
a diagonal entry of the covariance matrix. The facdrl.3 vide data (high number of measurement points), the errors
sets the confidence level to 99% with respect to the numbeare lowest. In contrast, for sections, where only few data
of parameters. points are available, as in the vegetated sections at around
30m and between 40 m and 45m, errors are largest. This
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result initially supports the application of a multi-channel trix and the vertical soil temperature distribution are usually
GPR system with a large number of different antenna sepunknown and have to be estimated. These estimates could
arations since the large number of available measuremerite specified if additional measured values from small-scale
points stabilises the parameter estimation. However, in ouinvestigations such as soil samples or temperature profiles
example, the large error along sections with a small num-were available.

ber of available data points can additionally be referred to

the fact that, due to site-specific conditions, only data from4.2 Spatial data

short antenna separations are available resulting in travel

times which are not too much different from each other andContour plots of surface and reflector topography, thaw depth
which increases the uncertainty of the parameter estimatiorelow ground surface, average volumetric soil moisture con-
In cases where only a system with a small number of chantent and, in addition, total soil moisture content of the un-
nels is available and subsurface conditions allow large anfrozen active layer are shown in Fig. The total soil mois-
tenna separations, the multi-channel setup should be chosdhre content of the active layer can be calculated directly
such that the travel times measured on the various channefsom the multi-channel GPR measurements by multiplying
cover a broad range. Finally we have to state that the erroréhe measured thaw depth and the average soil moisture con-
given in Fig.6 only represent the uncertainty resulting from tent. It is an important measure in permafrost research as it
the inverse parameter estimation. Further uncertainty whictprovides direct information about how much water is stored
e.g. may result from changes in antenna separations duringp the active layer which can be applied to improve hydro-

the measurement is not considered here. logical calculations. Furthermore, it gives a rough estimate
of the latent heat content of the active layer or, in other words,
CRIM formula the amount of energy which has to be released for freezing

the active layer if no water is being added or removed (e.g.,
While the estimation of reflector depth and dielectric permit- by rain or groundwater inflow) during freezing/gstermann
tivity only depends on the measured travel times, the calcu€t al, 2010.
lation of volumetric soil moisture contents using the CRIM  Like for the transect described in Sedtl estimated
formula introduces further uncertainties. These result fromfrost table depths and water contents of all transects were
the constant estimates for porosity, dielectric permittivity of smoothed with a linearly weighted running mean filter cal-
the solid matrix and soil temperature which influences theculated with 2m support. Volumetric water contents were
value of the dielectric permittivity of water. A detailed error calculated assuming a porosity of 0.4 and a dielectric permit-
propagation analysis of the single components of the CRIMtivity of the solid matrix of 5.
formula is provided byRoth et al.(1990. In order to visu- Generally, the measured thaw depth and average soil mois-
alise the range of uncertainty for the measurements of thigure content of the active layer show a high spatial variability
study, average soil moisture contents were calculated usinghroughout the measurement plot which can be related to the
extreme values for porosity (0.3...0.5) and dielectric permit-observed differences in soil textural and surface properties.
tivity of the solid matrix (4...6). The resulting outer limits for The large-scale topography of the reflecting frost table gen-
soil moisture content are included in Fig(cyan lines). Vari-  erally follows the surface topography (FiQ). Neglecting the
ations of porosity and dielectric permittivity of the solid ma- slope and considering only the thickness of the thawed active
trix along the survey track may lead to a reduction of the dif- layer, one can clearly observe a shallower frost table beneath
ferences in the inferred soil moisture contents between baréhe vegetated area. Here, where the ground surface is also
soil sections and the vegetated area. However, even whehigher than in the surrounding region, the frost table builds a
considering extreme values, soil moisture content beneatlshallow mound below the vegetation. A more shallow frost
the vegetated plot will remain lower than in the bare soil sec-table was also observed along the roadside ditch which re-
tions. A complete error analysis for the application of the sults from the lower topographic height compared to the ad-
CRIM formula would demand information on correlations jacent measurement lines. Here, the frost table apparently
between the various parameters as well as the temperatuis not able to penetrate deeper into the ground. Upslope of
field which enters throughy (7). With the available data, the road, in the more coarse textured, bare soil sections sur-
this is out of reach. However, since some of the correlationgounding the vegetated area, the depth of the frost table is
lead to a reduction of the total error, the given bounds areabout 0.3m to 0.7 m deeper than underneath the vegetated
considered as upper limits. We further state that the multi-patch. Here, the estimated absolute late summer thaw depth
channel GPR method as it has been applied in this study is af the active layer ranges between 1.5m and 2.0 m which is
non-invasive large-scale method which, by nature, is not asn good agreement with the depths reporte@®yhards et al.
accurate as point measurements like gravimetric sampling 02008 one year earlier further upslope of the alluvial fan. For
time-domain reflectometry. It includes a certain level of un- the transect along the gravel road and the two profiles further
certainty where detailed spatial information of specific val- downslope, an intermediate thaw depth of about 1.5 m was
ues such as porosity, dielectric permittivity of the solid ma- detected. A similar small-scale variablility in active layer
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thaw depth as observed for this site which could be relatedalbedo. Snow cover which can have an important effect on
to microclimate, hydrology, soil moisture content, substratethe areal thawing process and consequently on thaw depth
properties, vegetation and topography has e.g. been observéd.g.,Smith, 1975 should not be important at the Qitedaban
by Nelson et al(1998 andHinkel and Nelsorf2003 at sev-  site since, first, the site is located in an extremely arid en-
eral sites in Alaska. vironment with very low precipitationGasse et al.1997),
Measured average soil moisture contents underneath thieence, the total amount of snowfall is low. Second, due to
vegetated patch are low with values of less than 0.2. Theyts low latitude and high atmospheric transparency at high
rise beneath the directly surrounding bare soil area up to valelevations, the Tibetan Plateau receives a large amount of so-
ues between 0.25 and 0.3. With greater distance to the vegdar radiation (e.g.Wang and French994 Ma et al, 2009
tated patch, average soil moisture contents decrease again Wwhich hampers the formation of a persistant snow cover and
the upslope area of the bare soil sections down to values ofvhich, at the same time, supplies a large amount of energy
less than 0.15. They agree well with the soil moisture con-for thawing of the active layer.
tents measured b@erhards et af2009 in the distant areas For the following discussion, the site is divided into three
of the investigated flow channel. Average soil moisture con-major units which exhibit significant differences in thaw
tents larger than 0.25 were detected below the gravel roadjepth and soil moisture content (Fig): (i) the bare soll
the adjacent roadside ditch, and along the profiles measurearea upslope of the Xinjiang-Tibet Highway which is char-
in the valley bottom downslope of the road. acterised by a relatively deep frost table and low to interme-
The calculated total soil moisture contents of the thaweddiate average soil moisture contents, (ii) the vegetated, fine
active layer show a similar spatial pattern as thaw depth angand area with shallowest thaw depths and low average soil
average soil moisture content. The total amount of moisturemoisture contents, and (iii) the gravel road and its downslope
stored in the active layer is high in the valley bottom along area with high average soil moisture contents and intermedi-
the gravel road with values of larger than 0.4 m. High total ate thaw depths. We will first discuss the observed soil mois-
moisture contents were also found below the bare soil secture content pattern since soil moisture content influences the
tions upslope of the gravel road in the direct surroundings ofthermal properties of the soil and consequently affects thaw-
the vegetated patch bordering the shallow mound in the frosing rates. Afterwards we will use this information for the
table. With greater distance to the vegetated area, the totaliscussion of the observed frost table depths.
amount of moisture stored in the profile decreases down to
values of less than 0.3m. The lowest total amount of wa-4.3.1 Soil moisture content
ter was calculated for the area beneath the vegetation with
values of mostly less than 0.25m. We first recall that multi-channel GPR yieldvertically av-
eragedmoisture content for the complete active layer, rang-
4.3 Discussion of the observed frost table depths and av- ing from the ground surface down to the frost table. Typ-
erage soil moisture contents ically, water is not distributed uniformly in this layer, and
the measured value includes contributions from groundwater
The observed late-summer patterns of thaw depth and sofffully saturated) as well as from the unsaturated zone. The
moisture content are the result of various factors and shorpresence of groundwater at the site has been identified in
and long-term processes which determine the thawing ratethe soil profile further upslope (Se@). and is also expected
of the active layer throughout the site. Since our data onlyfor our measurement plot in the valley bottom. We expect
represent one point in time and additional continuous ob-groundwater to be the principal factor determining the ob-
servations like meteorological variables, soil temperature orserved soil moisture content pattern: By nature, a groundwa-
soil moisture content from this site are not available, we canter table is rather flat while the ice table can be rough with
only hypothesise about the processes that led to the observadounds and troughs. Hence, areas with a deeper frost ta-
thaw pattern. One patricular observation demands explanable will contribute a larger amount of groundwater to the
tion, however: The measured distribution of soil moisture measured average soil moisture content which will thus be
content throughout the site is somewhat unexpected with lowarger than at a location with a shallower frost table. This
moisture contents in fine textured soils and high moistureis illustrated schematically in Fi® where the groundwater
contents in coarse textured areas which usually should b&ody at the site can be expected to be considerably thicker in
reverse (e.g. Jury et al. 1991, Ch. 2; Hillel, 1998, Ch. 18).the bare soil sections and beneath the gravel road compared
Hence, in the following, we will attempt to find some possi- to the vegetated areas with shallower frost table. Similarly,
ble explanations for the observed patterns of thaw depth angve explain the enhanced average and total soil moisture con-
soil moisture content. tents in the bare soil regions upslope of the vegetated plot by
From the factors controlling the thaw depth of the ac- pondig of groundwater in front of the shallow mound in the
tive layer (cf. Sectl) we presume soil texture, soil mois- frost table.
ture content and topography to be most important for our With respect to the vadose zone soil moisture content, we
site. Additional subordinate factors may be vegetation andgenerally can expect a higher soil moisture content and a
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Fig. 8. Schematic illustration of the interpretation of observed thaw depth and groundwater level beneath the major units of the investigated

site. The measured average soil moisture content is composed of both, groundwater and water being present in the unsaturated zone
Evaporation is expected to be higher in the fine grained and compacted soils at the site due to the higher capillary rise of water from the
groundwater table towards the soil surface.

higher capillary rise of water towards the soil surface to oc-surface and thus to lower subsurface temperatiéiigms
cur within the fine textured areas (e.g., Jury etal. 1991, Ch. 2and Smith 2008 pp. 68-70) and, consequently promotes a
Hillel, 1998, Ch. 18). In general, this initially leads to a wet- shallow frost table. Another factor which may favour shal-
ter soil in the vegetated area compared to the bare regiondow frost table depths in the vegetated area may be the en-
There, water it is available (i) for evaporation and (ii) for hanced albedo caused by the preciptations of white surface
root water uptake. This situation is confirmed by the pres-salts (cf. Fig2).
ence of plants and the appearence of salt precipitations at Evaporative cooling is obviously much lower in the bare
the soil surface which indicate the higher amount of evapo-soil units of the site located upslope of the gravel road since
ration in this part of the site compared to the bare soil areassalt precipitations at the soil surface are missing. Here, cap-
Both, evaporation and root water uptake finally lead to a re-illary rise is lower due to the coarser soil texture which lim-
duction of soil moisture contents in the vegetated area and 4ts the evaporation from the ground surface. Consequently,
in combination with the thin groundwater body on top of the higher surface and active layer temperatures can be expected,
shallow frost table — may cause the low average soil moisturdeading to deeper frost tables in these regions.
contents measured with multi-channel GPR in this region. The intermediate thaw depth together with the high wa-
Small average pore sizes and a high capillary rise of soilter content observed along the gravel road and its downs-
moisture from the groundwater table towards the soil sur-lope region may result from different processes whose contri-
face can also be expected for the compacted sediments of thgutions cannot be guantified from a one-time multi-channel
gravel road and its downslope area. This, together with theaGPR measurement alone. These processes include evapora-
location in the valley bottom, where groundwater will accu- tive cooling which is again indicated by salt precipitations on
mulate, may explain the high average soil moisture contentshe ground surface (cf. Fig) which would lead to lower ac-

in this section of the experimental site. tive layer temperatures and shallower frost table depths com-
pared to the bare soil regions further uplsope. The observa-
4.3.2 Thaw depth tion that thaw depth is deeper here compared to the vege-

tated patch may be explained by the runoff of ground water

The observed thaw depth can be related to various surfacgnd surface water which is concentrated in the valley bottom.
and subsurfeace factors and processes occuring within thBeep active layers in places of flowing water are reported
major units of the site which influence the energy transferfrom other permafrost regions, e.g. on SvalbaBdogvn et
from the atmosphere to the frost table to different extents.  al., 2000).

In the vegetated area, there are many factors that may lead
to the observed shallow thaw depths. Grassy surfaces, as
found as rather sparse cover at the experimental site, onl$ Summary and conclusions
have a very small shading effect and influence mean ground
temperatures insignificantlyvérshoy 1998 pp. 362-369).  Multi-channel ground-penetrating radar was applied at a con-
We consider the effect of enhanced evaporation of soil moistinuous permafrost site on the Tibetan Plateau in order to
ture being present close to the soil surface in this fine texturedpatially explore late-summer thaw depth, average and total
area (cf. Sec#.3.]) and, to a small extent, also transpiration moisture content of the active layer. For this, an improved
from the grass to be more important for the measured shallowersion of the method presented @Gerhards et al(2008
thaw depths. During times when water is available close towas used. The additional application of a laser tachymeter
the ground surface, evaporation leads to a cooling of the soiprovided detailed spatial information about the topography
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