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Abstract. Permafrost thawing is likely to change the flow and amount (McCabe et al., 2001; Walsh, 2000). Climate
pathways taken by water as it moves through arctic and subehange is believed to cause an acceleration of the hydrologic
arctic landscapes. The location and distribution of these patheycle in many northern regions seen in increasing freshwa-
ways directly influence the carbon and other biogeochemicater discharge (Peterson et al., 2002) and earlier spring flood
cycling in northern latitude catchments. While permafrost peak discharges @y et al., 2005). Little is known about
thawing due to climate change has been observed in the ardiow climate change will affect the pathways that water takes
tic and sub-arctic, direct observations of permafrost depth aras it moves through the landscape to the stream.

difficult to perform at scales larger than a local scale. Using Hydrological pathways of water are important in these
recession flow analysis, it may be possible to detect and esaorthern systems. For example, their location and distribu-
timate the rate of permafrost thawing based on a long-terntion directly influence the biogeochemistry of terrestrial wa-
streamflow record. We demonstrate the application of thister. There are, for instance, two possible main effects on the
approach to the sub-arctic Abiskojokken catchment in north-carbon cycling at northern latitudes under the influence of
ern Sweden. Based on recession flow analysis, we estimateimate change and resulting changes in terrestrial hydrol-
that permafrost in this catchment may be thawing at an av-ogy. Increasing precipitation and surface temperature may
erage rate of about 0.9 cm/yr during the past 90 years. Thig¢ead to increasing runoff and snowmelt from the landscape
estimated thawing rate is consistent with direct observationsnd increasing freshwater flow in streams(lpand Wood,

of permafrost thawing rates, ranging from 0.7 to 1.3 cm/yr2004). This means that more water may be flowing through
over the past 30 years in the region. the highly organic superficial soils of arctic and sub-arctic
systems promoting the transport of dissolved organic carbon
(DOC) from the landscape (Dutta et al., 2006). This hypoth-
esis implies a positive feedback on atmospherie @@ cli-
mate change in northern latitudes because increased DOC
Detectable climate change is occurring in the arctic and subleVels in streamflow would increase respiration and carbon
arctic (Serreze et al., 2000). Numerous studies have reporteifilization in surface freshwater systems leading to increases
on the hydrological manifestations of such change: decreasl atmospheric C@levels (Jansson et al., 2008). Increas-
ing depth and duration of snowcover (Brown and Braaten,iNg temperatures may also lead to thawing permafrost that
1998; Curtis et al., 1998), warming and thawing of the per-increases groundwater flow through mineral soils that in turn
mafrost (Stieglitz et al., 2003; Walvoord and Striegl, 2007; increases weathering. Depending on the magnitude of CO
Osterkamp, 2007), and increasing precipitation frequencyconsumption during weathering, this scenario could consti-

tute a negative feedback of climate change on atmospheric
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CO, (Smedberg et al., 2006).
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A key determinant of the relative magnitude of these two2 Recession flow analysis and theory
climate feedback possibilities is the re-distribution of the
flow pathways of water through the landscape. In many arcHere only a short description of recession flow analysis is
tic and sub-arctic regions these pathways are largely detegiven. A thorough and complete discussion of this tech-
mined by the depth to the permafrost. Direct observations ohique (including discussion of the strengths and weaknesses)
depth to permafrost are difficult to perform at scales largeris given by Brutsaert (2005, 2008).
than the local scale. This difficulty leads to a lack of long- Physical considerations based on hydraulic groundwater
term observation records of depth to permafrost. Howevertheory suggest that in many situations of interest the total
it may be possible to infer changes in the effective depth togroundwater storage in a catchment can be approximated as a
permafrost (thawing rate) from the hydrologic signature im- power function of baseflow rate at the catchment outlet (Brut-
parted on long-term flow records by the landscape. Recessaert, 2008):
sion analysis is a hydrological technique that has been use b
in many studies to estimate effective, catchment-scale hydro- Q/dt =—aQ @
g?liggé?g::g:gfgﬁ ’rggsgle;rkigi ':Ir?cli) ZZ&EZZ&QQ;; IeévhereQQ/dt isthe temporal change of the flow rate at the out-
a recent study, Brutsaert (2008) applied recession analysis tlgt during floc\j/v rlecessf|on almd thedconstamtzzlndb g_lvel the
demonstrate long-term changes in groundwater storage. :ntercept and siope ot a p ot aiydt versus flowg in 0g-
Previous process-based studies have used flow and rece g space, respectlvely. For several weII-knowq solutions of
sion characteristics to help quantify the response of and char® Boussinesq equatiancan be related to aquifer proper-

acterize the hydrologic processes of arctic and sub-arctic hyEles andb may assume a certain constant values depending on

drologic systems. Dingman (1966, 1973) used hydrographtime since the onset of drainage, bedrock slope and reservoir

characteristics to describe the influence of permafrost po_properties (Brutsaert, 2005). In practice, this recession anal-

sition on formation of high water tables leading to surfaceySi.S cqnsists of relating the rate of decline of the hydrograph,
runoff. Ice layers at the interface of the organic and min_whlch is assumed to result solely from groundwater storage

eral soils have often been cited as the main cause of Iatera(i‘e" periods of record when there is no forcing du_e to rainall
runoff in northern systems (Kane et al., 1981; Roulet and®’ snowmelt), to observed hydrograph outflow (Fig. 1a).

Woo, 1988; McNamara et al., 1997), with much research em- Itis not easy to determine the value of the constain

phasizing their role in water storage and restriction of trans-2" objective way due to invariably noisy streamflow obser-

mittance properties (Santeford, 1979; Slaughter and Kane/ations (Brutsaert, 2008), although conceptually appealing
1979: Hinzman et al.. 1993: Mé:Nama'ra et al., 1998) Sub_érguments can be made for some of the theoretical formu-

surface flow can, thus, become a main mechanism for théatlons. Th|§ being said, agceptlng a valuebsil |mp||es_
rainfall-runoff generation on mountainous slopes (Kuchmentan exponential decay function for the flow rate (essentially

et al., 2000). Carey and Woo (2001) used recession analyt-,he aquifer responds as a linear reservoir). Analysis of much

sis to identify contributing areas to runoff production, which field data (including those used in this study, see Fig. 2) indi-

varied greatly between events. Yamazaki et al. (2006) lookeF2teS tha’:lmbthe;_trf\r;gs of the lowest :‘_Iolv\:js, the ;IOW tr_ecess?n
at recession gradients and attributed monthly variations tgran usually be itted by an exponential decay function mak-
ng it the most commonly used function today (Brutsaert,

seasonal changes in active layer thickness. While such stud2008 For the | ) luti f the fund Ih
ies have advanced our understanding of the hydrologic pro- .)' . orF € ong—t!me solution o .t € un ame_nta ar
yaonic linearized solution to the Bousinessq equation (Brut-

cesses that occur in arctic and sub-arctic regions, they ha e .
often been limited to relatively short (typically10 years) of saert, 2005), these constants (specifically the intercept) can
nt?e related to aquifer properties such that:

observations and, thus, unable to investigate the long-ter

responses of arctic and sub-arctic systems to changes in cIL— —1 @)

mate (Woo et al., 2008).

In this study, we use recession flow analysis as outlined ) ) -1

by Brutsaert and Nieber (1977) to investigate the possibler = 7“kpDL (neA ) ©)

permafrost thawing rate in response to climate change in a

sub-arctic catchment using a long record of observed streamwhere k is the hydraulic conductivity,y is an empirical

flow. Our main hypothesis is that thawing of permafrost ex- weighting constant ranging roughly between 0.3 and 0.1 or

tends the depth of the active groundwater system layers iperhaps even smaller as the water table further declines in

which groundwater flow can occur during the summer sea-the range of lowest flows (Brutsaert, 2008)js the depth of

son. Using recession flow analysis we can then estimate ththe aquifer,L is the total length of the channel network,

extending aquifer thickness, as explained below. is the drainable porosity, andl is the catchment area. This
solution assumes that the change in saturated thickness over
the course of a recession event is small relative to the total
saturated thickness.

Hydrol. Earth Syst. Sci., 13, 59684, 2009 www.hydrol-earth-syst-sci.net/13/595/2009/



S. W. Lyon et al.: Estimating permafrost thawing rates 597

(a) @ 402
160 5
&
° 10'
120
P
2 = dQ/dt = 0.059 Q'1®
E g °68 S 1 RP=0.96
z © 210 + \ 4
o “ \
[ &o S \
Q (@) %’
40 1 [e) @ a »
Q 'IO 10 g : ]
0 mmﬁ | :
1-May-95 1-Aug-95 5 dQ/dt = 0.051 Q'3
Time (Date) 107 R®=0.51 3
10° 10’ 107
Q (m3/s)
®) ¢ 10°
1925 1938
= |dadt=0.076 Q" dQdt = 0.063 Q"™
A
E
B
g
7
500k
= 1952 1987
= | dodt=0061Q"" dQdt = 0.157 Q"
© ©
> ‘
Fig. 1. (a) Example daily outflow hydrograph showing period of e ‘
record (July—September marked with vertical lines) used in reces- =
sion flow analysis and days of recession highlighted (filled black C:}
circles). This hydrograph is for th@) the Abiskojokken catch- !
ment in northern Sweden with the outlet (indicated by a star) at

68°21'36" N, 18°4648" E.
Q ms) Q (m’s)

Typically, a andb in E_qs..(2) and (3), respectively, are as- Fig. 2. Q versusdQ/dt in log-log space. The black straight
sumed to be constant in time as they are dependent on thge represents Eq. (1) from the recession flow analysig(@pm
physical (both geomorphologic and hydrologic) characteris-nonlinear least squares fitting to all data points (gray circles) for
tics of the catchment in question (Brutsaert, 2008). If we canallyears (1918-2007) and the darker gray line corresponds to the
assume that there are no changes in the fit of an exponentialark gray points created using the binning method suggested in
decay function to describe the flow recession for a catchmenkirchner (2009). Adopting the nonlinear least squares approach, we
(i.e.,b=1 remains constant), it should be possible to observecan also fit Eq. (1) t¢b) selected years of flow data from Abisko-
changes in the physical characteristics of a catchment by obokken catchment.
serving changes in the intercep) ©f a plot ofdQ/dt versus
Q over a long period of time. original pre-thawing groundwater flow or depth. This is,

The question then is what physical characteristics wouldof course, considering permafrost thawing as a long-term
we expect to change at the timescale of human observatioprocess, in addition to the seasonal fluctuations of the ac-
for a given catchment? In arctic and sub-arctic regions contive layer. Therefore, using long-term flow observations, we
taining a permafrost layer, which functions as an imperviousshould be able to infer changes in the effective depth to per-
layer, the depth of aquifeX) given in Eg. (3) is closely re- mafrost at the catchment scale using Eq. (3). Inherent to this
lated to the depth to and extent of permafrost. Permafroshypothesis is the assumption that there is no change in the
thawing should imply increasing, since groundwater flow geomorphic characteristicg (and A) and no (or relatively
and aquifer depth can only be added by the thawing, andgmall) change in the hydrologic characteristicafdn,) in
there is no physical mechanism involved to decrease thdg. (3).
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3 Site description and data set days,—dQ/dt=(Q,_a; — Q;)/ At, and plotted as a function of
the average discharge over the two days, (r,+Q;)/2.

To test the above-described hydrological methodology to de- To isolate periods of recessipn flows resulting solely from
tect thawing of permafrost, we apply it to long-term daily groundwater storage, we consider only snow free periods of

streamflow data from the outlet of the sub-arctic Abisko- € flow record (July—September) determined from the snow
jokken catchment (Fig. 1b) located in northern Swedencover observation record (Fig. 1a). It is possible that scat-

(682136 N, 184648’ E) for the period 1918-2007. This tered, relatively small patches of snow cover still exist at
streamflow record is available through the Swedish MeteoI9her elévations during early July. However, between sub-
rological and Hydrological Institute (SMHI) (Gage ID 957) Imation, evaporation of ponded water, and root water up-
and is not continuous throughout the whole period; observal@ke the influence of melt water from these patches is as-
tion was discontinued at this gage from 1956 through 1986_sumed to do little to influence recession flow. Also, periods
While observation was discontinued. there were no changegf the streamflow record influenced by rainfall are eliminated
in the sampling location or the stage-discharge relationshig’oM the recession analysis by removing days when the hy-
between the two time periods (1918-1956 and 1986-2007)3r09raph is rising (presumably in response to rainfall) and
We analyze also long-term daily temperature, precipitationt '€ days following each hydrograph peak. Focusing on the

and snow cover data for the Abiskojokken catchment, whichSUmmer period further ensures that perched groundwater sys-
are available from the Abisko Scientific Research Stationt€M €Xists above the permafrost that contributes shallow sub-

(ANS) for the period 1913-2006. surfgcg row_ to the channel netvyork. Ir_1 yvinter this flow path-
The Abiskojokken catchment has an area of 568 lamd way is mac.tlv'e dug to frozen soil conditions (sge supplemen-
ranges in elevation from about 350 m to 1600 ma.s.I. Thetary material: http://www.hydrol-earth-syst-sci.net/13/595/
catchment contains both alpine and subalpine vegetatior%ologlhdess.'13'595'200?]'SUpplement)pdf de in adopti
zones. The alpine region is dominated by heath vegetatio% n addition, to test the assumptions made in adopting

mainly as dwarf shrubs and the subalpine zone by birch for- as. (2) an? (3) for th? linearized S.O|Ut]i|0n o thle BoflitS'
est with patches of dwarf shrubs. Wetlands and marshes Ca]réessq equation, we perform a recession flow analysis fitling
g. (1) in log-log space to a plot of all data fd€ydt ver-

also be found in the subalpine zone and at lower altitudes inSus over the entire period of record. Fitting in this analy-
the alpine zone. Soils at higher altitudes in the alpine zone. Q P . ' 9 Ay
sis and throughout this study is performed using a nonlinear

are thin with common occurrences of exposed bedrock whikieast squares fitting function from MATLAB r2007b. This

soils in the low- and mid-alpine zone are generally thicker. ethod of fitting to all data points avoids issues associated
The average soil depth in the adjacent headwaters of the river, 9 P

Kalixalven with a similar elevation range has been estimatecy\”th defining a '°V.Ver envelope to.the cloud data points regult—
to be about 1.7 to 5.3m (Smedberg et al., 2006). Regolithmg from a recession flow analysis (although, we do consider

. - his approach as well, see following results section). How-
depths in the Abiskojokken catchment can be greater thal% .
30?71 (Beylich et al. J2004). The Abiskojokken gcatchment ever, as discussed by Rupp and Selker (2006b), the spread

is in an area of discontinuous permafrost (Johansson et all dQfdtat any particular value af may be due to stochas-

: s : tic variability and measurement noise complicating our abil-
2006) with a patchy distribution generally occurring above ity to fit Eq. (1) to all data points on dQ/dt and O plot.

900 ma.s.l. (Kling, 1996). Permafrost in the area has bee : A . :
documented down to a depth of 80m below surface at higf?)‘lso' discretization may occur by adopting a constant time

. . . .~ step to define changes in flow (Rupp and Selker, 2006b).
altitudes (Kling, 1996) and exists also at lower elevations® . ) o
(Johansson et al., 2006). Kirchner (2009) provides a methodology to address this is-

sue of “noise” by binning the-dQ/dtdata in increments of

Q such that each bin spans at least 1% of the logarithmic
range inQ, and that include enough points that the stan-
dard error of-dQ/dt within the bin is less than half of its
mean (Kirchner, 2009). Then, fitting occurs on the mean
To investigate how the depth and extent of the permafrosfor each binQ and resulting bin of-dQ/dt According to
and the related active groundwater layers may have changeithe argument of Kirchner (2009), this approach keeps highly
over time at the catchment scale, we use a five-year movuncertain points from exerting too much influence on the re-
ing window analysis to create multiple subsets of recessiorgression and it yields the maximum-likelihood estimator for
flow data from the long-term hydrograph observations. Perthe best fit curve. This is given the deviations of the mean
forming the above outlined recession flow analysis on eacHrom the true relationship is approximately normal. We use
individual subset of the flow record, we identify changes in the methodology of Kirchner (2009) to test and validate the
the intercepta, of the dQ/dt versusQ plot, which are in  appropriateness of the methodology in this study using the
turn related to aquifer dept®. Following Brutsaert and nonlinear least squares method to fit Eg. (1) to all data points
Nieber (1977) and Kirchner (2009) the flow recession wasin a plot ofdQ/dtvs. Q.

defined as the difference in discharge between two successive

4 Methods
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5 Results and discontinuous permafrost at approximately t&°C
isotherm and the limit between discontinuous and sporadic
Figure 2a shows the nonlinear least squares fit of Eq. (1) tqpermafrost zones at approximately thd.5°C isotherm of
the plot ofdQY/dt versusQ in log-log space for all recession the mean annual air temperature. Active layer thickness
flow data from the 1918-2007 observation record. The fit-is determined primarily by summer conditions while per-
ted slope ofh=1.13 supports the use of Egs. (2) and (3) for mafrost temperatures reflect changes in mean annual con-
relating the physical characteristics of the aquifer and catchditions (Serreze et al., 2000; Johansson et al., 2006). The
ment to the observed recession flows (as opposed to othgjositive trends in air temperature along with a long-term av-
solutions — see Brutsaert, 2005). Using the methodologyerage annual air temperature above the limit for maintaining
of Kirchner (2009), we obtain a similar slops<1.16) fur-  a continuous permafrost layer provides the mechanistic ex-
ther justifying adopting Egs. (2) and (3) for this catchment planation for the permafrost thawing that is indicated by the
(Fig. 2a). In addition, agreement between the methods ofecession analysis.
Kirchner (2009) and the nonlinear least squares fitting to all For the long-term changes in the hydrologic fluxes for the
data points, demonstrates that nonlinear least square fittingatchment, there are slight positive linear trends (not signifi-
of Eg. (1) to all data points is appropriate and robust for thecant) in both total annual precipitation (Fig. 5a) and summer
level of uncertainty and noise associated with the stream flow July—September) precipitation (Fig. 5b). With regard to
observations for the Abiskojokken catchment over the pasktreamflow, there is a positive linear trend (not significant) in
90years when analyzing data from different individual yearshoth the total annual flow (Fig. 5¢) and the non-winter (total
(Fig. 2b). Thus, itis adopted as an adequate methodology fofrom April to November) streamflow (Fig. 5d), and a signi-
the remainder of this study. ficant (p<0.05) negative linear trend in the winter flow (total
Using the five-year moving window of recession flow from December to March) (Fig. 5e).
data over the whole streamflow record, we find a significant
(p<0.05) positive linear trend in the intercepfor Abisko-
jokken from 1918 through 2002 (Fig. 3) by nonlinear least6 Discussion and result comparison
squares fitting Eq. (1) to all points (approach supported by
Parlange et al., 2001) and holdihgl constant. The signi- The long-term changes in the intercepFig. 3), along with
ficance of this trend holds also if we use a larger, ten-yeatthe trends in winter flow and spring temperature, suggest an
moving window for defining the subsets of recession flow increasing effective aquifer depth, which may be due to thaw-
data from the whole flow record. For comparison, we alsoing of permafrost within the Abiskojokken catchment. This
find a significant p<0.05) positive linear trend in the inter- indication rests on the assumption of no or small changes in
cept @) if the power law relation is fitted to a lower envelope other physical catchment characteristics. With respect to the
of points (approach supported by Brutsaert and Nieber, 1977yeomorphic characteristicd @ndA), it is likely they do not
(analysis not shown). Owing to the difficulty associated with change over this period of observation as they evolve at much
defining the lower envelope of the cloud of points in a plot of longer time scales and tend to reach an equilibrium state
dQ/dt versusQ, however, we adopt and consider the results (Brutsaert, 2008). The assumption of invariance (or more
obtained by fitting all points for the remainder of this study. appropriately, minimal change) in hydrologic characteristics
Note that fitting a linear trend over the entire time span ofis likely valid since the common assumption of exponential
observations (1918-2007) incorporates the period of no obédecay in hydraulic conductivity with soil depth implies that
servations (1956-1986). Fitting each period of observationsquifer depth extension below the previous active soil layer
separately such that we consider the data from 1918-1956r/and below the permafrost layer would lead to relatively
separate from 1986—-2007, the slope of the linear trend fosmall changes in the depth-average hydraulic conductivity.
each period (0.0006 and 0.0007 for 1918-1956 and 1986Fhat is, for a given increase in depth there would be a re-
2007, respectively) is similar to that of the slope of the linearlatively small change in, for example, depth-averaged hy-
trend fit over the entire time span of observations (0.0006draulic conductivity. In addition, cryoturbation processes,
for 1918-2007). This signifies that the linear trend over thewhich allow for mixing of materials from the soil surface
entire period is not likely to be an artifact of any step-shift to the bedrock in arctic regions and create generally uniform
change of conditions between the two time periods. soil properties with depth, may be active in this catchment.
Looking at the climatic data over this period, there is a Several simplifying assumptions go into the application of
positive linear trend (not significant) in annual average tem-recession flow analysis and hydraulic groundwater theory as
peratures (Fig. 4a). There is a significapt<{0.05) posi- it is presented in this study. For example, evapotranspira-
tive linear trend in the spring (average from April to June) tion and aquifer-slope are not explicitly considered. How-
temperatures (Fig. 4b). Kohler et al. (2006) report an aver-ever, these assumptions have been considered in other stud-
age annual air temperature from 1913 to 2004-6f6°C for ies to not hinder the use of the method in real-world ap-
this location. Based on many investigations in Fennoscandiaplications (Brutsaert and Nieber, 1977; Troch et. al, 1993;
King (1986) put the boundary between regions of continuousBrutsaert and Lopez, 1998; Malvicini, 2003). With respect
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Fig. 4. Time series ofa) average annual temperature dbylaverage spring temperature (April-June) for the Abiskojokken catchment.

to evapotranspiration, this lack of hindrance is likely due toit supports the above assumption of minimal influence of
a decoupling of upper unsaturated soil layers from a lowerchange in hydrologic characteristics since there is observed
saturated zone (Zecharias and Brutsaert, 1988). There athawing occurring. Based on the analysis in this study
also the simplifications made adopting a Boussinesq aquife(Fig. 3), the change in recession flow intercept would imply
model with spatially constant effective parameters for repre-an increase in depth-average hydraulic conductivity in addi-
senting a real-world catchment. Szilagyi and Parlange (1998)ion to the observed permafrost thawing. There is no real
found that increasing watershed complexity had minimal ef-physical support for such an interpretation since hydraulic
fect on the use of recession flow analysis to estimate hy<conductivity tends to decay with depth in most arctic systems
draulic parameters for synthetic catchments. In addition,(Quinton et al., 2000, 2008). Any changes in depth-averaged
adopting Egs. (2) and (3) assumes (via linearization) that thdnydraulic conductivity in Abiskojokken are, thus, likely to be
change in saturated thickness over the course of a recessiarlatively minimal compared to the effect of changes in depth
event is small relative to the total saturated thickness. Whileon the storage-discharge relationship.
there are several underlying assumptions, other investiga- The recession analysis indication that permafrost is thaw-
tions largely confirm that the simplifications in basin geome-ing in the Abiskojokken catchment can also be directly tested
try and hydrological processes are not seriously problematiby estimating an average thawing rate from the present analy-
in real-world applications (e.g. Mendoza et al., 2003). sis results and comparing it with independently reported per-
Akerman and Johansson (2008) reported rates of permafrost thawing rates for this region. To estimate a thaw-
mafrost thawing, ranging from 0.7 to 1.3 cm per year, basedng rate from our recession flow analysis, we first need to
on 29years of direct observations in the Abiskojokken re-know the permafrost and related effective aquifer depth in
gion. This direct observation of thawing supports our in- the catchment at some reference point in time. Since per-
terpretation of the recession flow analysis. Specifically,mafrost is discontinuous with a patchy distribution in the

Hydrol. Earth Syst. Sci., 13, 59684, 2009 www.hydrol-earth-syst-sci.net/13/595/2009/
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Fig. 5. Time series ofa) total annual precipitatior(p) total summer precipitation (July—Septembéc),total annual streamflowd) total
non-winter streamflow (April-November), afe) total winter streamflow (December—March) for the Abiskojokken catchment.

landscape, some generalization is requiréikerman and year which should equal the amount of permafrost thawing
Malmstidm (1986) report a depth to permafrost in the catch-over the defined period, if that were the reason for the aquifer
ment of about 1.2m. We adopt this value as the effectivedepth change:

aquifer depthD, in the catchment for reference year 1986.

Substituting into Eq. (3), we derive an expression for the re-AD = (
maining variables, which from above are assumed constant

in time, using the specific intercept valugobtained for the  Using Eq. (4), we can estimate the total amount of effective
reference year 1986, from the linear intercept trend in Fig. 3.permafrost thawing over a given period of time. This total
The following expression is then obtained for the change ofamount can be used to define an average annual rate follow-
aquifer depthA D, between the reference year and any othering the assumption of a linear trend fitting Fig. 3. This gives

2 1) D, @)

ar
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an estimate for effective permafrost thawing rate of aboutindividual subsystem flow change. An advantage of using
0.9 cmlyr for the Abiskojokken catchment. This rate agreesthe recession flow analysis outlined in this study is that it
well with the range of independently determined thawing indicates a process function change (the recession flow inter-
rates reported b§\kerman and Johansson (2008) for this re- cept), rather than an absolute flow change, and thereby allows
gion. In addition, using Eg. (4) we would estimate about detection of permafrost changes independently of the abso-
0.9 m of total thaw over the entire 90-year flow record pe- lute streamflow changes that integrate and thus may mask
riod. different subsystem flow changes within a catchment.

Since the permafrost is uneven in its distribution, with
more permafrost commonly found at higher elevations
(Kling, 1996; Beylich et al., 2004; Johansson et al., 2006), Concluding remarks
and less at lower elevations, our thawing rate estimate must

be considered an effective rate that generalizes the wholg .. study of the sub-arctic Abiskojokken catchment in
catchment area and IS at best an approxma'u.on. The IaChorthern Sweden indicates hydrological recession analysis as
of documentation of direct permafrost qbsgryatmns from thea useful method for detecting permafrost thawing and its rate.
early parts of the 20th century mgkes it difficult to test and Changes in permafrost should manifest themselves in hydro-
Cor!f|rm the total amount of thawmg (E_ibOUt 0.9m over the logical function parameters, such as the recession flow inter-
entlre 90—yegr flow record period) implied by an average ef'cept, of a catchment. The present approach shows how such
fective thawing rate of 0.9 cmiyr. The 20th century has gen'parameter change quantifications may be used to infer related

erallyigggeilggged _ahvxéarmer cllmgtde than the I,"m: I‘;’f A%echanges in effective aquifer and permafrost depth at the sup-
(ca. B ) with documented decreases in the distri ui)ort scale of the catchment. Future work is needed to test this

tion of permafrost in Sweden (Zuidhoff and Kolstrup, 2000). approach in other catchments containing permafrost to de-

"} gelneral, ]Ehere hasdbeden a decr(feasehm th? ”“l’_“gfr an? S'fStmine its general applicability across different geomorpho-
of palsas, often regarded as one of or the only reliable sur aCfogic and climatic settings. In this initial application to the

eV|c<jj(|avr|1cle of_pern;gggst in the dlssconc:!nuo_us z_oﬁlee(;maln%o Abiskojokken catchment, however, the specific permafrost
and Malmstom, ), across Scandinavia since the hawing and thawing rate results fit well with independent

(Sollid and $)r_bel, 1998 dehOﬁ a_nd Ko_lstrup,_2000). In indications and direct rate estimates of permafrost thawing
one of the earliest observations available in the literature, the?n the region.
botanist Harry Smith observed several palsas in mid-latitude
Sweden (6255 N, 12°30 E) during an expedition in 1910
(Smith, 1911). Nihén (2000) revisited the location of these A‘;kt?]c;w(;z?geurzggtisﬂﬁisa:ttl:'g;s Eﬁl:]g?r\:gengrﬁesfml;l tﬁgdSvAv’(;ldsish
_palsa_s and noted a decrease in number an_d size (reducu(%'esearch Council (VR) and the Bert Bolin Centre for Climate
In hmg_ht ‘?f al_aout 1m). Th|s documer_1te_d d|sappe_arqr!ce OResearch, which is supported by a Linnaeus grant from VR and
reduction in size of palsas is a strong indicator of significanty o s\edish Research Council Formas.
permafrost change, and most likely thawing, across Scandi-
navia. Edited by: A. Gelfan

Since flow records tend to be longer and more contin-
uous than records of permafrost observations, flow analy-
sis in general may be attractive for indirect detection of
long-term permafrost changes and thawing. Walvoord anq?eferences
Striegl (2007) cite increased winter flow as an indicator of in-
creased groundwater contribution for tributaries of the Yukon Axerman, H. J. and Johansson, M.: Thawing permafrost and thicker
River. From this, they infer that permafrost is thawing inthe  active layers in sub-arctic Sweden, Permafrost Periglac., 19(3),
region. We observed the opposite trend in winter discharge in  279-292, 2008.
a region of observed permafrost thawing (Fig. 5e). Assum-Akerman, H. J. and Malmsim, B.: Permafrost mounds in the
ing that winter discharge derives from deeper groundwater Abisko area, northern Sweden, Geogr. Ann. A, 68(3), 155-165,
reservoirs (beneath the permafrost), this indicates such reser- 1986.
voirs receive less input. Since our catchment is underlainBeylich, A. A., Kolstrup, E., Thyrsted, T., Linde, N., Pedersen, L.
by discontinuous permafrost, there is always recharge to this B @nd Dynesius, L.: Chemical denudation in arctic-alpine Latn-
deeper reservoir. The increasing spring temperature (Fig. 4b) javagge (Swedish Lapland) in relation to regolith as assessed by

may have led to increasing evapotransporation and a decrease;%cgggrzgggggﬁelIunc'geOphyS'cal profiles, Geomorphology, 57,

in this recharge leading to an associated decrease in norE?rown, R. D. and Braaten, R. O.: Spatial and temporal variability

winter flows. However, stream flows are the integral prod- ot canadian monthly snow depth, 1946-1995, Atmos. Ocean,
ucts of many different subsystem fluxes within a catchment, 3 37-54, 1998.

of which all may change in a changing climate. This makesBrutsaert, W.: Hydrology: An Introduction, Cambridge University
it difficult to relate absolute streamflow changes to a specific Press, 605 pp., 2005.
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