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Abstract. Multi-channel ground-penetrating radar is used to mafrost areas. The novel non-invasive technique is partic-
investigate the late-summer evolution of the thaw depth andularly useful when the thaw depth exceeds 1.5m, so that it
the average soil water content of the thawed active layer at @& hardly accessible by manual probing. In addition, multi-

high-arctic continuous permafrost site on Svalbard, Norway.channel ground-penetrating radar holds potential for map-
Between mid of August and mid of September 2008, fiveping the latent heat content of the active layer and for esti-
surveys have been conducted in gravelly soil over transectating weekly to monthly averages of the ground heat flux
lengths of 130 and 175 m each. The maximum thaw depthsluring the thaw period.

range from 1.6 mto 2.0 m, so that they are among the deepest
thaw depths recorded in sediments on Svalbard so far. The
thaw depths increase by approximately 0.2 m between mic!L
of August and beginning of September and subsequently re=

main cpnstant until mid of Septembe_r. The thaw rates A€ pout 24% of the land area of the Northern Hemisphere is
approximately constant over the entire length of the tran-

s underlain by permafrost, of which most occurs in arctic re-
sects within the measurement accuracy of about 5 to 10cm

: . .gions Brown et al, 1997). These regions are anticipated to
The average volumetric soil water content of the thawed spoe severely affected by climate change (©gerland et al
varies between 0.18 and 0.27 along the investigated transectﬁoo& and a considerable reduction of the permafrost area

While the measurements do not show significant change§S projected until 2100 (e.delisle 2007 Lawrence et aJ.
in soil water content over the first four weeks of the study, '

L . . . 2008. The warming will have strong impacts on the ecology
strong precipitation causes an increase in average soil wat

content of up to 0.04 during the last week. These values ar %]g é] g égigf;g r;}viz(go:i _’Zgggii[; l:rﬁfauraercfii”;irrégf‘)rgst

In good agreement with evapotranspiration and precipitatior}egions' A sustained warming trend in the Arctic over the
rates measured in the vicinity of the the study site. While ast decades has been revealed by a number of studies (e.g.
we_can_not provide conclusive reasons for the detected spati erreze et 312000 Comiso and Parkinso2004, which is
variability of the thaw depth at the study S|te,_our MEASUre-, 5o reflected in widely increasing permafrost temperatures
ments show that thaw depth and average soil water Come%.g.Hinzman et al.2005 Osterkamp2005.

are not directly correlated.

Introduction

] ) The degradation of permafrost usually is preceded by an
The study demonstrates the potential of multi-channeli,crease in the thickness of the active layer, followed by the
ground-penetrating radar for mapping thaw depth in per-tgmation of a talik and the subsequent thawing of the re-
maining permafrost body from top and bottom. An ongo-
ing monitoring of the active layer thickness might therefore

Correspondence tdS. Westermann serve as an “early-warning system” to detect the onset of
BY (sebastian.westermann@awi.de) permafrost degradation. Recent studies suggest an increase
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of the thaw depth in permafrost ared@elke et al. 2004 etal, 200% Moorman et al.2003 Schwamborn et 312008.
Zhang et al. 2005, while others do not detect an increase Bradford et al.(2005 and Brosten et al(2006§ use GPR
in thaw depth despite of a warming of the permafrost tem-to monitor the seasonal dynamics of the thaw bulb beneath
peratures@sterkamp2007). On Svalbard, considerable in- small streams in permafrost regions. In the framework of the
terannual variations of the active layer thickness are com-CALM program, the use of GPR for mapping thaw depth
mon (Christiansen and Humlun2008 Christiansen et al.  has been proposed Wrown et al. (2000, but the tech-
2010 which might obscure long-term trends. In the Kap nique has not become established yet. GPR is well suited
Linné areafAkerman(2005 reports an increase of the active for investigating thaw depth, as the abrupt increase of the
layer thickness since the 1980s in conjunction with increas-dielectric permittivity at the interface between thawed and
ing air temperatureslsaksen et al(2007) report increasing frozen soil induces a strong reflection of the electromagnetic
permafrost temperatures in a borehole in Norddildiand  signal. However, lateral variations of the soil water con-
during the last decade, which is accompanied by a moderatient cause a non-constant velocity of the GPR signal (e.g.
increase in active layer thickness by 10 to 30 cm. Davis and Annanl1989, which can lead to a considerable
The active layer, defined as “the top layer of ground sub-bias in the reflector depth, if the signal velocity is only cal-
ject to annual thawing and freezing in areas underlain by peribrated at a few pointdoorman et al.2003 Wollschlager
mafrost” Harris et al, 1988, is the biologically active zone et al, 2010. These difficulties can be overcome by the use
of the soil, where formation and decomposition of organic of multi-channel systems, which are capable of simultane-
material can occurZimov et al.(2006 suggest that degra- ously mapping the reflector depth and the average soil wa-
dation of permafrost and an increase in active layer thicknesser content between surface and reflec®ragford 2008
will make large amounts of previously frozen organic mate- Gerhards et al2008. For a permafrost site on the Qinghai-
rial available for decomposition, which may lead to a mas- Tibet Plateauwollschlager et al(2010 demonstrate that the
sive release of methane and carbon dioxide from permafrogbermafrost table and the average soil water content above
regions. The activation of this carbon stock would convertthe frost table can be surveyed with horizontal resolutions
northern permafrost regions from net sinks to net sources obf less than one meter, which would be extremely arduous
greenhouse gaseSchuur et aJ.2008, resulting in an am-  to achieve by a manual method. However, to successfully
plification of the global warming trend. To develop realis- monitor the seasonal dynamics of the thaw depth, it must
tic predictions for this scenario, it is imperative to map and be guaranteed that consecutive measurements with multi-
monitor the dynamics of the active layer and understand theehannel GPR yield consistent results.
controlling factors for the seasonal thawing. In this study, we present a time series of multi-channel
In the framework of the “Global Terrestrial Network- GPR measurements of the thaw depth and soil water content
Permafrost” (GTN-P), the “Circumpolar Active Layer Moni- at a high-arctic site on Svalbard, Norway, over the course of
toring” program (CALM) has provided measurements of the five weeks. At the chosen study site, rocky soil and thaw
active layer thickness at more than 150 sitdsléon et al.  depths exceeding 1.5 m effectively prevent the use of manual
2008. At some sites, repeated measurements are performegrobing methods. The study is conducted at the end of the
to resolve the seasonal evolution of the thaw depth Shik- thaw season from mid of August until mid of September, so
lomanov et al.2008. These measurements are traditionally that the late-summer maximum thaw depth of the active layer
conducted manually using a frost prolB¥¢wn et al, 2000. can be inferred from the measurements.
On an area of 108 100 n? or larger, many single probings
are performed to account for a potential spatial variability of
the thaw depth and to limit the impact of single erroneous2 Study site
probings due to stones or other impenetrable structures in
the ground. The method is satisfactory in soft soils, whereThe study site is located between the glacier Braggerbreen
the thaw depth does not greatly exceed one meter. In rockynd the Kongsfjorden at 785 N, 11°50 E, approximately
soils or in case of much greater thaw depths, manual methoddkm SW of the village of NyAlesund. Due to the influ-
become increasingly difficult: the frost probe cannot pene-ence of the North Atlantic Current, the area features a mar-
trate easily to the frost table, so that it becomes hard to verifyitime climate with cool summers and relatively mild win-
that it has been reachedlifkel and Nelson2003. As a  ters. The coldest month is February with an average air
future increase in active layer thickness is likely for many temperature of aroune-14°C, while the average air tem-
of the existing CALM sites, it is desirable to develop and perature is around +8 during the warmest month July
validate alternative methods for the monitoring of the active (www.eklima.ng 2010. The annual precipitation is around
layer thickness. 400 mm Egrland et a].1997), and the snow-free period typ-
Ground-penetrating radar (GPR) is a non-invasive geo-cally lasts from July to Septembenfnther et al, 2002).
physical technique, which has been used in a number of stud- The radar transects are located in an inactive part of the
ies for mapping the depth of the frost table in permafrost re-floodplain of the glacial river Bayelva, which is covered by
gions @nnan and Davis1976 Arcone et al. 1998 Hinkel sparse vegetation, exposed gravel and rock fields (Fig.
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The soil texture ranges from coarse gravel to sand. The)
site is bordered by the gravel plain of the braided Bayelva
River on one side and Leirhaugen hill on the other side. The
two radar transects (Fid.) are located 200—400 m NW of
the Bayelva soil and climate monitoring station on Leirhau-
gen hill, which has provided a record of soil temperatures
in the active layer since 199&6th and Boike2001; Boike
et al, 2003 2008. At present, the permafrost at the Bayelva
station is relatively warm, with mean annual temperatures
around—2°C to —3°C at the bottom of the active layer and
a maximum thaw depth of more than 1.5m.

3 Methods

A time series of multi-channel GPR measurements has bee
recorded along both transects (Fig.during the period be-
tween 14 August 2008 and 17 September 2008. The mea

Longyearbyen'
surements are performed and evaluated using a 4-channd %} @

Ny-Alesund

setup as presented ®erhards et al(2008. Hence, in the
following, only a brief description of the method is summa-
rized together with measurement details which are adapted
to the site-specific conditions.
Multi-channel GPR data are acquired by using two
shielded 250 MHz RAMAC/GPR antennas in combination
with a CUII control unit and an MC-4 multi-channel mod-
ule (all instruments manufactured by MALGeoscience,
Sweden). All radargrams are recorded using a time window
of 102 ns, 1024 samples and 4 stacks per trace, and a spé
tial trace increment of 0.1 m which is triggered by a survey
wheel. All radargrams are processed by employing a dewo
filter and by semi-automated picking of reflected wave travel
times which are required for the multi-channel evaluation. §
No amplification is applied to the data sets.
During each survey, both antenna boxes are coupled in ¢
row by a rope with fixed spacings between the boxes. The
following factors must be taken into account when determin-

ing optimal antenna separations:
Fig. 1. Orthorectified aerial image of transects T1 and T2 (both

— The accuracy and robustness of the method increase, theansects aligned from SW to NE) acquired on 29 August 2008. The
more the travel times of the channels differ, as the shap@iashed part of T1 depicts the section where the radargrams cannot
of the reflection hyperbola which has to be evaluatedPe evaluated (see Fig). The vegetated flat gravel plain, in which

during the evaluation procedur&¢rhards et 32008 the radar transects are located, is bordered by Leirhaugen hill to the
is better defined. With this respect, long separations be_SE, on which the eddy covariance system and the Bayelva station
tween the antenna boxes are favo;able are located (elevation difference between the radar transects and the

Bayelva station approximately 10 m). To the W of the transects is

— The amplitude of the GPR signal recorded by the re_the floodplain of the Bayelva river, which flows S to N. Transect T2

ceiving antenna decreases with increasing antenna seﬁ-nds at the banks of a small stream visible in the NE corner. The

aration. This is caused by (i) geometrical spreadianSEt map shows the location of Nylesund where the study has
. o . ...~ been performed on Svalbard.

of the signal and (ii) signal attenuation due to specific

ground properties (e.g. electric conductivity). Conse-

quently, the reflected signal eventually fades or at least

becomes impossible to pick, if the antenna separationis _ |n addition to the reflected radar signal, a ground wave

chosen too long. travels directly through the soil, resulting in an addi-
tional signal in the radargrams. If the antenna sepa-
rations are chosen too long, the ground wave and the
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reflected wave will eventually begin to overlap, result- Table 1. Antenna separations of the four channels used in the radar

ing in a signal of unclear origin, which is not suitable greys (determined before and after each survey). Measurement
for picking. Therefore, the antenna separations must beccuracy 5mm.

chosen sufficiently short to prevent an overlap between
reflected wave and ground wave. Antenna separations [m]

— Choosing a longer antenna separation results in a de- transect 1 transect 2
crease of the lateral resolution of the evaluation. 08/14/2008 2031, 1.59, 2.21

08/15/2008 % 0.31,1.07,1.69
08/25/2008 %0.31,1.14,1.76 %0.31,1.15,1.77

The chosen antenna separations (TAplepresent a com-
promise fqr the site-specific condmon; in the study area. It 09/02/2008 2031 1.07 1.69 % 0.31 1.08 1.70
allows to pick the reflectgd wave resulting from the frost table 09/10/2008 2 0.31, 1125, 1.745 20.31 1.18 1.80
for all four channels, while the ground wave and the reflected  59/17/2008 031,1.095,1.715 20.31,1.08, 1.70
wave are clearly separated.

In the multi-channel evaluation for each measurement
date, a zero-offset calibration is performed for each individ-

: . Average volumetric soil water contents of the active layer
ual radargram. For the two (short) box-internal channels, this . . . o
. . . L are calculated from the estimated dielectric permittivities ac-
offset is determined from recorded travel times in air (an-

tenna turned by 9, the transmitter-receiver separation of cording toRoth et al (1999 using the CRIM (Complex Re-

0.31m and the speed of light. For the long antenna sepaf-r"jmlve Index Model) formula

rations, we perform Wide Angle Reflection and Refraction _ _ _
(WARR) measurements in air (antennas turned b$) 90 Vee=0VEut (A=@)/est (@ =0)Ve @)
addition to each measured transect, from which the offset isvhere¢ is the porosityg the volumetric soil water content,
inferred by extrapolating the travel time to zero transmitter- ands, is composed of the dielectric permittivities of the solid
receiver separation. With this, we are able to employ directmatrix (¢5), water ¢,) and air €5), respectively. Rearranging
measurements of air wave travel times for calibration of eachof Eq. (3) and setting:a = 1 yields
channel and circumvent the indirect airwave adaptation step
of Gerhards et al(200§ during the data evaluation proce- , _ véc—/&s—¢(1— /) @
dure. Jew—1

The multi-channel evaluation method &ferhards et al.
(2008 assumes that the two-way travel timef a reflection
at a positionx in the vicinity of a reference positiorg and
at antenna separationis

t(x;a) = *i—_chos(a)ﬂ[dJr (xo —x)tan(e)]2+a? (1)

for the volumetric soil water content. For the evaluation, the
dielectric permittivity of water is set to a constant estimate
of ey = 86.1 which corresponds to a temperature ¢fCs
(Kaatze 1989. Furthermore, we assume constant values (in
space and time) af = 0.4 andss =5, which are reasonable
values for gravel or sand. As the employed valuesjfand
gs are not supported by measurements, we assume liberal er-
o . , ror margins on both parameters and conduct a thorough error
the speed of light in vacuum (0.3, a is the reflector's analysig (see Seot.l?. We emphasize that the evaluat?on of

inclination angle, and! is the reflector depth atp. &, d . . .
andu are estimated for every position along the radar ramthe absolute soil water contents using E).ig only weakly
o yp 9 9 sensitive to the choice af, s andey (Roth et al, 1990.

using the absolute travel times of the signals measured with To acquire “ground truth” information on the temperature

all four transmitter-receiver combinations. This is achieved . .~ "% . . )
L T : distribution in the active layer, a profile of four temperature
by minimizing the objective function : )
sensors (thermistors and thermocouples) was installed at the

wheres. is the soil’s bulk relative dielectric permittivityy is

(N.K) 5 123.6 m-mark of T2 (see Fid.). Hereby, the temperature
OK®b) = Z (trefi(xn. ax) — tmodelXn, ax; b)) (2)  sensors at depths of 1 and 25 cm below the surface were in-
(n,k) stalled on 23 July 2008, while the deeper sensors at 80 and

150 cm depth were added on 20 August 2008. During the

installation of the deep temperature sensors, the active layer
thickness was determined to be 1.55 m for the location of the

temperature profile.

whereb={¢ec d.} is the parameter vectosesi andfmodel are
the measured and modeled reflected wave travel times for
measurements aroung obtained fromK antenna separa-

tions, x, (n =1, ..., N) are measurement points arouny) Furthermore, we provide ancillary measurements to as-
anda; (k=1, ..., K) are the antenna separations. The in- ' P y

version is conducted with all data available for a pre-definedsess the water budget of the study site. About 100 to 300m

distance interval arounch which is set to 0.5 m for this sur- from_the GPR transects, evapotranspiration was continuously
vey monitored throughout the entire study period in the frame-

work of investigations of the surface energy budget of this
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Fig. 2. Transect T1: Radar traces of all four channels and resulting evaluation on 14 Augus{&0&&d(b): antenna separation 0.31 m;
(c) 1.59m;(d) 2.21 m;(e) and(f) resulting thaw depth and volumetric soil water content (red: raw data; purple: smoothed data). It is not
possible to evaluate the radargrams beyond about 95 m.

permafrost site {festermann et al.2009. For this pur- 4 Results

pose, an eddy covariance system consisting of a CSAT 3-D

sonic anemometer and a LI-7500 ¢@nd HO gas ana- 4.1 Example radargrams

lyzer is employed. The evaluation of the raw data is per-

formed with the software package “TK2”, in which the com- Figures2 and3 display radargrams of all four channels ob-

monly used correction and quality test procedures are intained on 14 and 15 August for the transects T1 and T2.

cluded Mauder and Foken2004. Details on the eddy The radargrams feature one dominant reflection caused by

covariance measurements and the evaluation procedure atie frost table. While this reflection is almost continuous for

given in Westermann et a(2009. As both radar transects T2, the reflection fades after about 95m in case of T1 (see

are not located within the footprint area of the eddy co-also Fig.1), so that it is not possible to evaluate the radar-

variance system, the measurements are only used to assegams beyond that point.

the general magnitude of the evapotranspiration in the area The thaw depth decreases by about 30 cm along the course

of the radar transects. In addition, we use the daily pre-of T1, which is of the same order as the variations in thaw

cipitation record from the Norwegian Meteorological Insti- depth along T2. The variations in thaw depth are sim-

tute (vww.eklima.ng 2019 measured at the village of Ny- jlar to the spatial differences in surface elevation, which

Alesund. are mostly caused by vegetation patches and incised former
runoff channels of the Bayelva River (see Flj. Since the
surface topography of the transects has not been surveyed,
we cannot explore the relation between surface and reflector

www.the-cryosphere.net/4/475/2010/ The Cryosphere, 4,4852010
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Fig. 3. Transect T2: Radar traces of all four channels and resulting evaluation on 15 Augus{&0&&d(b): antenna separation 0.31 m;
(c) 1.07 m;(d) 1.69 m;(e) and(f) resulting thaw depth and volumetric soil water content (red: raw data; purple: smoothed data).

topography. However, given the thaw depths of 1.5m and Two qualitatively different types of uncertainty must be
more, the reflector can be characterized as generally flat fodistinguished in the evaluation of thaw depth and average
both transects. For transect T1, the average soil water corsoil water content from the radargrams. Firstly, the zero-
tent of the thawed zone is rather constant between 0.18 andffset calibration for the two long antenna separations (using
0.20. The slight variations could again be caused by the dif WARR measurements in air, see S&tis associated with a
ferences in surface elevation, but they are also in the range dftatistical error, which propagates to thaw depth and soil wa-
measurement uncertainty (see below). In the course of tranter content. From repeated WARR measurements in air, we
sect T2, the soil water content steadily increases from abougstimate this error to be about 5 to 10 cm for the thaw depth
0.191t0 0.27. and about 0.01 to 0.02 for the soil water content. As the zero-
For the chosen antenna separations (Tapléhe absolute  offset calibration is different for each survey, these accuracy
travel times of the GPR signal do not differ strongly betweenmargins must be taken into account when comparing consec-
the four channels (on the order of 5ns, Figs3), which utive radar surveys. However, the error is constant in space,
leads to relatively noisy evaluations of reflector topographyso that the thaw depth and the soil water content would only
and soil water content. We therefore apply a spike and &e shifted for the entire transect.
Gaussian filter to the thaw depth and the average soil water Furthermore, the assumptions made for the por@siyd
content (Figs2, 3). This procedure leads to a reduced spatial the dielectric permittivityes of the solid matrix give rise to an
resolution of our measurements, which seems tolerable foadditional uncertainty in the soil water content. If we assume
the relatively smooth reflector topography found at the studyliberal error margins o$ = 0.4+0.1 andes =542, which
site. account for a wide range of soil conditions, the absolute
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Fig. 4. T_ransect T1: thaw depth inferred from multi-channel-GPR Fig. 5. Transect T2: thaw depth inferred from multi-channel-GPR

over a distance of about 95 m. over a transect length of about 175m. For unknown reasons, the
survey of transect T2 conducted on 2 September yields only a weak
and discontinuous reflection to about the 40 m mark, so that it is not

uncertainty in average soil water content amounts to aboupossible to infer meaningful thaw depths for this part of the transect.

0.03 according to Gaussian error propagation in£&£¢(see  The arrow indicates the position of the instrumented temperature

alsoWollschlager et al.2010. As ¢ andes may change in  profile (Fig.6).

space, this uncertainty must be considered when comparing

soil water contents at different points along the transects.

While ¢ andes do not change over time at a specific depth, thaw depths do not change significantly within the approxi-

the depth average may change over time, if layers with differ-mate accuracy limit of about 5 to 10 cm (see Sécl). The

ent properties thaw and thus contribute to the average valuggcorded maximum thaw depths range from 1.7m to 2.0m

of ¢ andes. However, at the recorded thaw depths and ratedor T1 and from 1.6 m to 1.8 m for T2.

(see Sectt.?), the resulting uncertainty over time is less than [N general, the recorded thaw rates observed between mid

0.01 even for extreme cases (efg=0.3, es=3 from 0 to  Of August and beginning of September are similar over the

1.5m,¢ =0.5, =7 from 1.5 to 1.7 m). Therefore, we as- course of both transects. Deviations from the average thaw

sume¢ andes to be constant over time in our study, so that rate are most likely explained by slightly different transect

the soil water contents determined in consecutive surveys rePaths used at the different surveys. An example is the part of
main unchanged relative to each other at each point. transect T1 between 65 m and 85 m (M .where an incised

As the soil temperatures vary in a relatively narrow rangef0rmer channel of the Bayelva River (visible in Fif). has
(see Sect4.3, Fig. 6), the uncertainty due to the tempera- been crossed at a different angle on the survey on 14 August

ture dependence of the dielectric permittivity of watgy, is ~ cOmpared to the following surveys.
presumed to be negligible in our case. The survey conducted on 2 September of transect T2

yields only a weak and discontinuous reflection from about
0 to 40 m. While the reasons are not clear, we cannot infer
meaningful thaw depths (and soil water contents, Bjdor

The temporal development of the thaw depth for the two tran-thIS part of the transect (Fig).

sects is displayed in Figgt and5. Between mid of Au-
gust and beginning of September, the thaw depths increase
by about 20cm. From beginning to mid of September, the

4.2 Temporal development of the thaw depth

www.the-cryosphere.net/4/475/2010/ The Cryosphere, 4,4852010
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Fig. 6. Temperature profile in the active layer at the position o.16
123.6 m of transect T2. The two lower sensors have been added 0 20 40 60 80 100 m
on 20 August 2009. The dates of the radar surveys of transect T2

are indicated as vertical lines.

Fig. 7. Transect T1: average volumetric soil water content of the

active layer over a distance of 95 m.
4.3 Comparison with ground-truth information on

thaw depth

4.4 Soil water content
At 123.6 m of transect T2, the true thaw depth on 20 August
reached 1.55m, which was determined using a drill. Atthe o transect T1, the average volumetric soil water content
same position, the thaw depths inferred from non-invasive ¢ ha thawed active layer is confined to a range of about
muilti-channel GPR are about 1.50m on 15 August andg 18 15 .21 (Fig7). Between about 60 to 80m, the soil
1.60m on 25 August, which is in good agreement with thewater content features relatively strong variation compared
thaw depth mea;ured on 20 August'. to the other parts of T1, which could be related to different

The hourly SO.” temper_atur_e profile record at 123.6m of transect paths across an incised former runoff channel in this

transect T2 is displayed in Fig. The temperature of the o (see Sectt.2). Other than that, the soil water content
geepegt ser}sor, IocaLed ata depth of 1.5 fm, mcreﬁ_sis “ngbes not change strongly between the first four radar sur-
beginning o Septem e.r;oha maximum o h+0C3 W :1Cf veys (considering the uncertainty of about 0.01 to 0.02, see
'S_'ﬂ good agreement W'tl the increase in thaw de_p|>t oundsect 4.1), which agrees well with the low evapotranspiration
with GPR. It subsequently decreases towarl6 @ntil ap- g precipitation rates (TabB recorded at this time: as a
proximately 10 September, while temporary refreezing 0C- ot \ater input of 1 mm would correspond to an increase in
curs at the surface (Fig). As the “zero curtain”, when the o o136 volumetric soil water content of less than 0.001 for
soil temperatures within the entire active layer are confined .. depths of more than 1 m, the effect of precipitation and
t0 0°C, is not yet reached, the temperature decrease is MOg, 5y stranspiration on the average soil water content can be
likely not assgmated with detectable refreezmg from the bOt'considered negligible. However, this is certainly not true at
tom. Accordingly, the thaw depths inferred from GPR re- yo anq of the study period. On the final GPR survey, an in-
main widely unchanged from 2 September to 10 September; o 4qe in soil water content to about 0.24 is found (Fjg.
Due to an influx of warm air masses in Septembiegter- which is clearly separated from the first four surveys con-
mann et a|.2009, the soil Wr?rms aga|r|;1, so that the V\;armest sidering the potential uncertainty of about 0.01 to 0.02. The
temperaturehs at 1|5 m depth are reached after ”I“d 0 Sﬁpthe"ﬂﬁcrease is caused by strong precipitation events between 10
ber. From the soil temperature data, it is not clear, whetheg 4 17 september with a total water input of approximately
this warming is associated with a further increase in thaw40mm (Table2). At the recorded thaw depths of 1.7 to 2.0m
depth. However, it is unlikely that such an increase wouldypis corresponds to an increase in average soil water content
haye ex_ceeded 5 to 10¢m, so that the GPR measuremen 0.02 to 0.03, which roughly agrees with the increase of
which yield an overall unchanged thaw depth from 10 104 g4 jferred from the GPR measurements in the framework

1_7 Septemb_er, are in accordqnc_e with the temperature pros¢ 4 simplified water budget, where subsurface runoff is not
file data within their accuracy limit. considered

In the first four surveys of transect T2, the soil water con-
tent increases from 0.18 to 0.20 in the first 50 m to about
0.28 at the end of the transect (F8), which is located about
2m from the bank of a small stream (visible at the upper
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| volumetric water content Table 2. Total water gain (denoted positive) through precipita-

tion P (measured at the village of N§(lesund,www.eklima.no

2010 and loss through evapotranspiratiBr{according to eddy co-
variance measurements performed about 200 m from the radar tran-
sectsWestermann et 312009 between consectutive radar surveys.
Values rounded to 1 mm. Data on potential subsurface runoff are

0.28 —

0.24 not available.
8 P[mm] E[mm] P+E[mm]
M a0 08/15-08/25 3 4 1
———— 08/25/2008 . - -
0.2 7“\ \ — — —
AN 09/02/2008 08/25-09/02 0 2 2
I/ 09/10/2008 09/02-09/10 3 -1 2

0.16 ‘ ; ; ‘ ; ‘ ; ‘
0 40 80 120 160 m

5 Discussion

Fig. 8. Transect T2: average volumetric soil water content of the 3.1  Thaw depth and active layer dynamics

active layer. The radargram obtained on 2 September can not be .
evaluated between 0 and 40 m ( refer to FEy. Multi-channel GPR has been capable to deliver the evolu-

tion of the thaw depth and the average soil water content be-
tween the surface and the freeze-thaw interface for a period
right corner of Fig.1). This increase significantly exceeds of five weeks. For the conditions encountered in the study
the uncertainty of the soil water content along the transectsarea (gravelly soil, thaw depths of more than 1.5 m), the effi-
that results from the uncertainty of the employed soil param-ciency of multi-channel GPR must be considered far superior
eters (about 0.03, see Sedtl). During the installation of to both manual probing methods and traditional GPR meth-
the soil temperature profile on 20 August at 123.6 m of T2,0ds such as “Common Mid Point” (CMP) surveys. The ac-
the soil was water-saturated below a depth of about 0.5 mguracy of the obtained thaw depths, which is estimated to be
while it was drier above. We therefore hypothesize that aaround 5 to 10cm, is sufficient to secure spatial differences
shallow ground water table is located above the frost tablen the thaw depth of about 0.2 to 0.3m. The main factors
in the gravel deposits, so that the soil water content does ndimiting the accuracy in the present study are: (1) the zero-
vary considerably below a certain level. At the end of the offset calibration, and (2) the lack of information on the mi-
transect, close to the small stream, the ground water table isrotopography. The latter could be accounted for by using
located closer to the surface corresponding to the higher avautomated laser tracking of the radar antennas, as it has been
erage soil water content detected by the GPR measurementsmployed byWollschiager et al(2010. Despite of such is-
Accordingly, the soil water content at the end of the transectsues, the accuracy of the obtained thaw depths is sufficient
is more or less constant after the strong precipitation eventso make multi-channel GPR a viable alternative to manual
at the end of the study period, as most of the soil has alreadprobing in permafrost monitoring. The method would be ca-
been saturated before due to the proximity of the ground wapable to resolve observed interannual differences of the late-
ter table to the surface. In contrary, the soil water content insummer thaw depth on the order of 0.3@h¢istiansen et gl.
the first 50 m of the transect increases in a similar way as aR010, or decadal trends of the active layer thickness of about
transect T1 (Figsz, 8). If the interpretation given hereis cor- 0.2 to 0.4 m Akerman and Johanssc2008.
rect, then the saturated conditions at a volumetric soil water At the study area, the thaw depths reach their maximum in
content of approximately 0.28, as found in case of transecthe beginning of September and remain approximately con-
T2 (Fig. 8), point to a lower porosity than assumed in the stant until at least the mid of the month due to the influx of
calculation of the soil water content (i.¢.—=0.4). We em-  warm air masses, which again leads to a warming of the up-
phasize that the potentially lower porosity has only a smallper soil section\(Vestermann et gl2009. The maximum
effect on the obtained soil water contents and is explicitly thaw depth determined in this study at the end of the summer
accounted for in our error analysis (see S8yt. season corresponds to the thickness of the active layer. The
recorded values of 1.6 m to 2.0 m are among the highest re-
ported for permafrost on Svalbard so f@hfistiansen et gl.
2010. For the years 1998 to 200Rpth and Boik&2001) re-
port an active layer thickness of around 1.0 m at the Bayelva
soil and climate monitoring station (Fid). Since then, the
thaw depth at the Bayelva station has increased by more than
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half a meter \Mestermann et gl2009 Boike, 2009, which proximation for the total energy content of the ground. The
is in agreement with the increase of permafrost temperatureadvantage of multi-channel GPR is that it inherently delivers
and active layer thickness found in other regions of Sval-depth averages of the soil water content, which can other-
bard @kerman 2005 Isaksen et al.2007). The maximum  wise only be derived from a number of invasive “point-like
thaw depth of 2.0 m found approximately 200 m from the measurements, e.g. by using gravimetric methods or Time-
Bayelva station highlights the possibility that talik formation Domain-Reflectometry (TDR). The latent heat content stored
may commence despite of the northern latitude of the studyin the active layer is a coarse estimate for the energy which
site, which calls for continued monitoring of permafrost tem- has to be released during winter for a complete refreezing
peratures and active layer thickness. We conclude that a conof the active layer. If this energy is not released during the
parable survey of the thaw depths at the study site would nowinter season, the soil temperatures within the active layer
have been possible by manual methods, at least not with &main close to 8C or at least within the freezing range of
reasonable effort. the soil, which may be a trigger for initial talik formation.
While the average soil water contents increase steadilyyn 2008, the increase in average soil water content detected
over the course of transect T2, the thaw depths do not changen the last survey on 17 September, occurs just before the
in a similar way. Likewise, the spatial variations of the thaw refreezing of the soil. This increase in latent heat content,
depth in transect T1 are not mirrored in the soil water con-that is caused by strong precipitation events (T&))gore-
tent. This suggests that the thaw depth is not directly relatecsumably leads to a delayed refreezing of the active layer. At
to the average soil water content in the active layer at this perthe study site, this may be of particular importance, as in
mafrost site. Qualitatively, soil moisture has two counterbal-many years an insulating snow pack forms early during win-
ancing effects on the thaw depth: while a higher energy inputer (Roth and Boike2001, Westermann et gl2009, which
is required to thaw the same soil column in wet compared toeffectively limits the release of energy from the soil. There-
dry soil, a higher soil water content also increases the thermdiore, the occurrence of strong precipitation during fall may
conductivity of the soil and thus facilitates a higher ground be a contributing factor for the formation of taliks, especially
heat flux, at least in case of similar temperature gradientsin combination with a warm winter and/or a high and early
Nevertheless, it is surprising that the net effect of soil mois-snow cover.
ture on the thaw depth appears to be negligible in our case. A The real energy,

similar (Txamp_lée IS .defcr:'be% @er:h‘f’“ds et gl(.zooa, Wt?od (?f the active layer, is higher than the latent heat content de-
report aimost identical thaw depths in a moist stream bed an ermined with GPR, as there is also a contribution of sensible

in adjacent dry areas at a site on the Qinghai-Tibet Plateau, o5t e to the cooling of the soil. Furthermore, there may

Crwa. dil h . hat f be unfrozen water below the active layer at subzero temper-
e cannot readily answer the question what factors Caus‘E?\tures, which increases the total latent heat content. Nev-

the variations in thaw depth found at both transects. The Surgyheless; the latent heat content of the active layer inferred

face cover, vegetation and associated albedo do not chanq m GPR measurements constitutes a lower bound for the
strongly over the course of the transects according to a Visu{rcl)ergy that must be released during winter. Therefore, multi-

inspection. This is_confirmed With Qerial images o_btained ONchannel GPR measurements performed directly before the
29 Auggsft bo;h with a noFrmarI] digital camera éFf[f!) and .refreezing of the active layer can contribute to locating po-
a n;aar—m r?re .camera.h. Ert grr]more, strg?fg ITErences Mantial “weak spots” in permafrost areas, where talik forma-
surface soll moisture, which might cause differences In SUriqn anq thus initial permafrost degradation may commence,

face temperatureL@nger et al. 2010, do not occurin thg and may thus serve as a tool to assess the vulnerability of
area of the radar transects. Pronounced differences in thﬁermafrost

timing of the snow melt can also be excluded: a survey on
30 June revealed rather homogeneous snow depths of around
5 to 10cm throughout the study area, while the snow coverg 5
had disappeared entirely on 15 July. However, as the spa-
tial differences in the active layer thickness are not drastic
regarding the absolute value of up to 2m, it seems possible
that variations of the soil properties, e.g. caused by a differ=rom consecutive multi-channel GPR measurements, the
ent sand to gravel ratio, can sufficiently explain the variationschange in latent heat content of the active layer can be

that has to be released for the refreezing

Inferring ground heat fluxes from multi-channel
ground-penetrating radar?

of the thaw depth. evaluated, if evapotranspiration, precipitation and/or sub-
surface runoff do not considerably change the average
5.2 Latent heat content of the active layer soil water content. As presented in Sedt4, this is

the case at least for evapotranspiration and precipitation
From thaw depth and average soil water content of the activéor the time between mid of August and beginning of
layer, the total content of latent heat (due to unfrozen water)September. The chang&FE in latent heat content per
of the active layer can be calculated, which is a coarse apunit area between timeg and r, with thaw depthd(z)
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and average volumetric soil water conté(#) is given as ciated with all presently employed methods for determining
the ground heat flux, it is desirable to further evaluate the

AE = Ld(12)6(12) —d(11)8 ()] ®) prospects of multi-channel GPR for determining ground heat

where L =334 MJ n12 denotes the latent heat of fusion of fluxes in permafrost areas.

water. For the radar transects, the thaw depth increases by

about 0.2 m between 15 August and 2 September, while the

average volumetric soil water content remains approximately6 Summary and conclusion

constant in time and varies from 0.2 to 0.27 along the tran-

sects. This results in an energy gain of 13 to 18 M¥rar In this study, we investigate the active layer dynamics at

an average heat flux of 8 to 11 Wth As it is not possible & permafrost site on Svalbard using multi-channel ground-

to evaluate the sensible heat content of the soil from the GPRenetrating radar. The results demonstrate that multi-channel

measurements, we use the instrumented temperature profiePR measurements

(Fig. 6) to estimate the average temperature change of the

soil column. From 15 August to 2 September, the upper-

most 1.5m on average cool by about 0.5 to 1.0K (estimate

from Fig. 6). This corresponds to a decrease in sensible heat

content of approximately 1.5 to 4.0 MJthfor an estimated

specific heat capacity of 2.0 to 2.5 MJAK 1 (Westermann

et al, 2009, or an average heat flux due to the change of

the sensible heat content ofl.0 to—2.5W n1 2. Thus, we

obtain average ground heat fluxes in the range between 5.5

and 10.0 W m? as a coarse estimate for the study area. The

data set presented Westermann et a(2009, for which the

ground heat flux is evaluated at a site located 100 to 400 m _ can be used to Spatia”y map the latent heat content of

from the radar transects in more fine-grained soil, shows an  the active layer,

average ground heat flux of 4.5 to 6.5 Wfnfor the same

time period. Although some differences may exist between — hold potential to spatially map weekly to monthly aver-

the ground heat fluxes at the two sites, the rough agreement  ages of the ground heat flux, which is of great interest

suggests that the general magnitude of the average ground for a better understanding of the energy budget in per-

heat flux can indeed be estimated from multi-channel GPR mafrost areas.

if additional measurements of soil temperatures are available
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