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Abstract. In recent years, there has been increased inter-
est in carbon cycling in natural systems due to its role in a
changing climate. Northern latitude systems are especially
important as they may serve as a potentially large source or
sink of terrestrial carbon. There are, however, a limited num-
ber of investigations reporting on actual flux rates of carbon
moving from the subsurface landscape to surface water sys-
tems in northern latitudes. In this study, we determined dis-
solved organic carbon (DOC) and dissolved inorganic carbon
(DIC) fluxes from the subsurface landscape for a sub-arctic
catchment located in northern Sweden. These are based on
observed annual flux-averaged concentrations of DOC and
DIC for the 566 km2 Abiskojokken catchment. We demon-
strate the importance to correctly represent the spatial distri-
bution of the advective solute travel times along the various
flow and transport pathways. The fluxes of DOC and DIC
from the subsurface landscape to the surface water system
were comparable in magnitude. This balance could shift un-
der future climatic changes that influence the hydrological
and biogeochemical system.

1 Introduction

There may be numerous climate change effects on hydrology
at high-northern latitudes. These include decreasing depth
and duration of snowcover (Brown and Braaten, 1998; Cur-
tis et al., 1998), permafrost warming and thawing (Stieglitz et
al., 2003; Walvoord and Striegl, 2007; Osterkamp, 2007), in-
creasing precipitation frequency and amount (Walsh, 2000;
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McCabe et al., 2001), increasing freshwater discharge (Pe-
terson et al., 2002) and earlier spring flood peak discharges
(Déry et al., 2005). The terrestrial freshwater cycle in the arc-
tic and sub-arctic is often intimately connected with the pres-
ence of permafrost (White et al., 2007; Woo et al., 2008) and
the depth to the permafrost largely determines the pathways
of water flow through the landscape (Kane et al., 1981). In
addition to influencing the hydrological response of the land-
scape, the location and distribution of these pathways influ-
ence the carbon and other biogeochemical cycling in north-
ern latitude catchments (e.g., MacLean et al., 1999; McNa-
mara et al., 2008).

Increasing precipitation and surface temperature may lead
to more subsurface water flowing through the highly organic
superficial soils of arctic and sub-arctic systems, promoting
the transport of dissolved organic carbon (DOC) from the
subsurface landscape to the surface water system (Dutta et
al., 2006); in addition, permafrost degradation may result
in DOC release (Frey and McClelland, 2009). Permafrost
thawing could also allow for deeper flow pathways and, as
such, lead to a general reduction in terrestrial DOC export by
promoting flow through deeper mineral soils (Striegl et al.,
2007). Deeper groundwater flow depths would also likely
increase dissolved inorganic carbon (DIC) formation due to
weathering. Such shifts in DOC and DIC transport and/or
production would have consequences for the global C bal-
ance. Increased DOC concentrations could enhance respi-
ration rates in the surface water system (e.g., Sobek et al.,
2003), which would impose a positive feedback on atmo-
spheric CO2. Increases in silicate weathering and DIC pro-
duction, however, consumes CO2 and would constitute a neg-
ative feedback on atmospheric CO2 (Smedberg et al., 2006).
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Fig. 1. Site map showing the Abiskojokken catchment in north-
ern Sweden with the outlet (indicated by a star) at 68◦21′36′′ N,
18◦46′48′′ E.

The net effect of these opposing feedback mechanisms
depends on the rates of respiration and weathering relative
to the DOC and DIC mass transport rates along the differ-
ent pathways of subsurface water flow. In order to predict
the fates of solutes, the transport time of water and solutes
along the diverse flow pathways through a catchment must be
quantified (Destouni and Graham, 1995; Simic and Destouni,
1999; Kirchner et al., 2001; Malmström et al., 2004; Darracq
et al., 2009; Persson and Destouni, 2009). Field-based iden-
tification of flow pathways and quantification of the travel
time of water along such flow pathways, however, is diffi-
cult both in terms of collection of appropriate data and in
terms of interpretation. As hydrological mass transport re-
mains poorly investigated at northern latitudes (Hannerz and
Destouni, 2006; Bring and Destouni, 2009), an empirical
identification of the main solute sources and transport path-
ways is difficult (Destouni et al., 2008a, b). One option is
to estimate the distributions of solute travel times along dif-
ferent flow and transport pathways through catchments using
physically-based modeling approaches (e.g., Darracq et al.,
2009).

In this study, we simulated solute travel times based on
long-term data from the sub-arctic Swedish Abiskojokken
catchment. Our objective was to determine water flow and
mass transport effects on the present-day release rates of dis-
solved carbon from the subsurface landscape to the surface
water system.

2 Materials and methods

2.1 Site description

We conducted our study in the sub-arctic 566 km2 Abisko-
jokken catchment (Fig. 1) in northern Sweden (68◦21′36′′ N,
18◦46′48′′ E) which ranges in elevation from about 350 m to
1600 m above sea level. Precipitation observed in the region
ranges from higher values around∼900 mm/yr near the Nor-

wegian border to lower values around∼300 mm/yr near the
outlet of the Abiskojokken catchment (Åkerman and Johans-
son, 2008). The mean annual air temperature for 1913–2006
at Abisko (located a few kilometers east of the catchment
outlet) was−0.6◦C (Abisko Scientific Research Station).
The catchment contains both alpine and subalpine vegetation
zones. The alpine region is dominated by heath vegetation
mainly as dwarf shrubs and the subalpine zone by birch for-
est with patches of dwarf shrubs. Wetlands and marshes can
also be found in the subalpine zone and at lower altitudes in
the alpine zone. The Abiskojokken catchment is in an area
of discontinuous permafrost (Johansson et al., 2006) with a
patchy distribution of permafrost.

Soils at higher altitudes in the alpine zone are shallow
with common occurrences of exposed bedrock while soils
in the low- and mid-alpine zone are generally deeper. The
average soil depth in the adjacent headwaters of the river
Kalixälven with a similar elevation range has been estimated
to be about 1.7 to 5.3 m (Smedberg et al., 2006). Region-
ally, Smedberg et al. (2009) report median soil depth val-
ues ranging from around 9 m for mixed forest land cover
to around 7 m for herbaceous land cover. While a formal
soil classification is not available, the till soils typical of
this region are sandy (e.g., Johansson et al., 2005) and ex-
hibit effective porosity and hydraulic conductivity values of
0.05 cm3/cm3 and 1.5×10−5 m/s, respectively, for the qua-
ternary deposits/bedrock interface. The tills in the lower el-
evations and valleys of Abiskojokken catchment and nearby
regions consist largely of finer material, fluvial gravels, sand
and in some cases silty/clayey material (Åkerman and Malm-
ström, 1986).

2.2 Long-term observations and stream water sampling

Stream water alkalinity at the outlet of Abiskojokken was de-
termined monthly from 1978 through 2008. These (and other
chemical measures) are available through the Swedish Uni-
versity of Agricultural Sciences (SLU) Department of En-
vironmental Assessment monitoring program. The annual
water flow volume averaged 4.5×108 m3 (1918–2007; Lyon
et al., 2009). Daily stream flows are available through the
Swedish Meteorological and Hydrological Institute (SMHI)
(Gage ID 957). During mid-April to mid-July and September
to October 2008, stream samples were manually collected
each week at the outlet of the Abiskojokken catchment. DOC
concentrations were analyzed for the first sampling campaign
(n=22). DOC concentration was analyzed by means of cat-
alytic carbon combustion (Shimadzu TOC-V CPH; Kyoto,
Japan). DIC concentrations were calculated for both sam-
pling campaigns (n=30). DIC was calculated from measured
alkalinity and pH using PHREEQCI (Parkhurst and Appelo,
1999). PHREEQCI is a graphical user interface version of
the PHREEQC computer program used for speciation, batch-
reaction, one-dimensional transport, and inverse geochemi-
cal calculations.
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2.3 Shallow and deeper flow domain partitioning

A first step to determining a present-day advective trans-
port travel time distribution for the Abiskojokken catchment
is to determine the portioning of flow through shallow and
deeper flow domains. To do this, we develop a simple two-
component hydrograph separation (Sklash and Farvolden,
1979; Buttle and McDonnell, 2004) using long-term monthly
samplings of stream water alkalinity. As alkalinity is added
to surface water via the deeper pathways in this system
(Humborg et al., 2004), we can use the monthly average al-
kalinity values to separate the observed total streamflow into
water coming from the deeper versus shallow flow domain.
This assumes that stream flow is primarily derived from the
deeper flow domain during winter since the shallow flow do-
main freezes, and that alkalinity levels thus provide a tracer
of water from the deep flow domain. This hydrograph sepa-
ration, thus, uses the total average annual volumetric stream
flow Q [L3 T−1] to define the average annual flow volume
coming from the shallow flow domainQsh [L3 T−1] and the
deeper flow domainQd [L3 T−1].

In addition, we can use this hydrograph separation to
check the validity of the hydraulic properties for the shal-
low and deeper flow domains. This is done by estimating the
relative average aquifer thicknesses for both the shallowZsh
[L] and the deeperZd [L] flow domains as:

Zsh=
Qsh

qshLs
(1)

Zd =
Qd

qdLs
(2)

whereLs [L] is the stream length draining the catchment (ap-
proximately 520 km for the Abiskojokken catchment based
on map analysis), andqsh [L T−1] andqd [L T−1] are the av-
erage specific discharges from the shallow and deeper flow
domains, respectively. By modeling the present-day advec-
tive solute transport travel time distribution (see following
section), it is possible to estimateqsh andqd values that are
dependent on the assumed hydraulic properties of the shal-
low and deeper flow domains. Substituting into Eqs. (1) and
(2), it is possible to calculate the average aquifer thicknesses
(Zsh andZd, respectively) for the Abiskojokken catchment.
These values can be compared to aquifer thickness obser-
vations as a check on the validity of the adopted hydraulic
properties used to estimate the advective solute travel times.

2.4 Advective solute travel times

The advective travel times of dissolved carbon along sub-
surface transport pathways to the stream network reflect the
purely physical rates of advection by the variable mean pore
water velocity along and among these pathways (see the
travel time-based modeling approaches of both conservative
and reactive solute transport in Destouni and Graham, 1995;

Eriksson and Destouni, 1997; Simic and Destouni, 1999;
Malmstr̈om et al., 2004; Lindgren and Destouni, 2004; Lind-
gren et al., 2004; Darracq et al., 2009; and Persson and
Destouni, 2009).

We conceptualize the whole subsurface flow domain of ac-
tive carbon release as a shallow and deeper flow domain. The
physical fractionation of water between these two domains
is quantified using the above mentioned hydrograph separa-
tion. It is possible to define a fraction of streamlines (αsh
[–]) through the shallow flow domain with advective solute
travel timesτsh [T]. Complimentary to this, there is a frac-
tion of streamlines (1−αsh) through the deeper flow domain
with advective travel timesτd [T]. Combining these, a flow-
weighted mean advective travel timeτ [T] from each point
at the surface of the catchment through the whole subsurface
flow domain can then be estimated as:

τ = αshτsh+(1−αsh)τd (3)

We evaluate these advective solute travel times by a simple
Darcy-flow quantification. For the shallow flow domain this
is (see e.g. also Darracq et al., 2009):

τsh=

xcp∫
a

dXsh

v(Xsh)
≈

xcp∫
a

dXsh(
ksh
nsh

dh
dl

)
Xsh

(4)

wherex defines direction in a moving coordinate system that
follows the mean water flow direction.Xsh(t) gives the po-
sition alongx at time t of a water and solute parcel (e.g.,
dissolved carbon) traveling from an input locationa (vector
notation) to an output control plane atxcp. At each position
Xsh, the local average pore water velocityv(Xsh) [L T−1] ad-
vects the water and solute parcel forward in the x-direction.
This local average pore water velocity can be defined in a
Darcy sense using the local effective water content/porosity
nsh [–], the saturated hydraulic conductivityksh [L T−1] and
the hydraulic gradientdh/dl [–] in the direction x. The advec-
tive travel time is the total time period it takes for the water-
solute parcel to be advected from inputa to outputxcp which
here represent the catchment surface and the interface be-
tween the subsurface system and the nearest stream or other
surface water, respectively. The advective travel time through
the deeper flow domain can be calculated in a similar manner
(i.e., swapping the subscript “sh” for d in Eq. 4).

Similar to Jarsj̈o et al. (2007), we use here a geographi-
cal information system (GIS) to estimate the flow pathway
lengths and hydraulic gradients directly from the available
digital elevation model (DEM), which has a resolution of
50×50 m for the entire catchment. We used the D8 flow
routing algorithm as implemented in Tarboton (1997) to de-
fine flow pathways and lengths for each non-stream network
raster cell in the catchment to the stream network. At each
50×50 m grid cell along each flow pathway, the upslope con-
tributing area was calculated and used to create a map show-
ing the accumulated area draining to each point in the catch-
ment. On such a map, the highest values (i.e., the positions in
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(a)

(b)

Fig. 2. (a)Long-term (22 years) observations of monthly alkalinity
concentrations (grey dots) at the outlet of the Abiskojokken catch-
ment and(b) the resultant hydrograph separation between shallow
(area between black and grey lines) and deep (area below the grey
line) ground water. In (a), crosses show the mean in a given month
and vertical bars show one standard deviation. In (b), uncertainty
bounds are not shown as this estimate is intended to give a first-
order approximation of the partitioning of flow between the shallow
and deeper domains.

the landscape with the most accumulated area) typically cor-
respond to stream network and can, thus, be used to define
the extent of the stream network. This is done by thresh-
olding the map of accumulated area at a critical value such
that positions with higher accumulated areas than that crit-
ical value are considered part of the stream network. The
stream network was defined using a critical accumulated area
threshold set at 5 km2. As the groundwater level and slope
may be relatively unaffected by small-scale variations in sur-
face elevation (Darracq et al., 2009), the hydraulic gradient
was assumed to be equivalent to a hillslope average gradient
derived from the DEM. Hillslopes were delineated using the
stream network using the methodology described in Bogaart
and Troch (2006).

To characterize the hydraulic parameters associated with
the shallow flow domain, we adopt reported effective poros-
ity and hydraulic conductivity values for the surface till soils
in this catchment. For the deeper flow domain, we assume
(as a first-order approximation) hydraulic properties are sim-
ilar to those for the shallow flow domain. We can check the
validity of these assumed hydraulic properties independently
(and if found necessary adjust) by estimating the depth of the
shallow and deeper flow domains from Eq. (1) and Eq. (2),
respectively.

2.5 Carbon flux estimates

The release of dissolved carbon into the subsurface water
flow pathways can be estimated using the aforementioned
advective solute travel times. For example, the DOC re-
lease from the subsurface occurs at a raterDOC (mass per
bulk soil volume [ML−3]) over the whole subsurface flow
domain, i.e., over the shallow and the deep flow domains.
Following a single flow and transport pathway (stream tube)
with mean specific dischargeq [L T−1] and porosityn [–]
along its whole lengthL it is possible to estimate the local
mass flux of DOC,sDOC [ML −2 T−1], into the nearest sur-
face water as:

sDOC= rDOCL = rDOCqτ/n = rDOCuτ, (5)

whereu = q/n is the mean pore water velocity [L T−1] along
the whole stream tube with mean travel timeτ [T]. Extend-
ing this to the wholeτ population of stream tubes that receive
DOC and transport it to the receiving surface water, the aver-
age mass fluxsDOC [ML −2 T−1] into the stream network can
be expressed as:

sDOC=

∫
∞

0
rDOCu(τ)τf (τ)dτ (6)

wheref is the probability density function describing the
spatial distribution of solute travel timesτ through the whole
subsurface flow domain. This average mass flux can fur-
ther be related to the flux-averaged concentration of DOC
CDOC−flux [ML −3] in the total volumetric stream flowQ
[L3 T−1] through the stream cross-sectional areaAs [L2] at
its outlet as:

CDOC−flux = sDOC/(Q/As) (7)

Similarly to the above, the release of DIC into the subsurface
water occurs at the raterDIC (mass per bulk soil volume).
With analogous equations to the result above, we can express
the local mass flux (sDIC), the average mass flux (sDIC), and
the flux-averaged concentration (CDOC−flux) of DIC.

Using the above expressions, it is possible to link the ob-
served flux-averaged concentrations of DOC and DIC to their
associated average mass flux from the subsurface system and
the corresponding release rates using spatial distributions of
advective solute travel times. To demonstrate the effect of the
spatial variability in the advective solute travel time distribu-
tion, we use a catchment-average travel times (τ) to estimate
homogeneous release ratesrDOC(τ ) andrDIC(τ ). Addition-
ally, considering the catchment-average flow velocity we can
estimate the homogeneous mass fluxessDOC(τ ) andsDIC(τ ).

3 Results

3.1 Hydrograph separation

Based on the separation (Fig. 2), 52%±4% (based on one
standard deviation in monthly alkalinity samples) of the
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Fig. 3. Present day spatially distributed travel times for each point
in the Abiskojokken catchment through the subsurface landscape to
the stream network. Note that the color bar has a log scale to show
the variability in the spatial distribution. The axes for the map of
spatially distributed travel times are labeled in kilometers of linear
distance.

average annual flow from the Abiskojokken catchment orig-
inates from the deeper flow domain. It follows that the re-
maining 48%±4% is derived from the shallow flow domain.
This gives a long-term estimate ofαsh≈ 0.48 for the Abisko-
jokken catchment. Based on the total long-term average an-
nual flow for Abiskojokken, this yieldsQsh≈ 2.16×108 m3

per year andQd ≈ 2.34×108 m3 per year as the flow contri-
bution from the shallow and the deeper flow domain to the
stream network, respectively.

3.2 Advective solute travel times

The estimation ofτ (Fig. 3) is sensitive to theαsh value, as
this parameter controls the fractionation of flow pathways be-
tween the shallow and the deeper flow domains and to the
hydraulic properties adopted to represent each of the zones.
Substituting into Eqs. (1) and (2), we estimate an aquifer
thickness of about 4 m for the deeper flow domain and 4 m
for the shallow flow domain, yielding depth for the whole
subsurface flow domain of 8 m.

Characteristic distributions show that the present-day
travel time distribution is highly skewed towards smaller
travel times and exhibits a long tail of large travel times
(Fig. 4). The mean advective travel time from the statisti-
cal distribution is then 0.9 years, the median travel time is
0.6 years, and the standard deviation is 0.8 years.

3.3 DOC and DIC observations and flux estimates

The time series of DOC and DIC concentrations show sea-
sonal trends (Fig. 5). Typically, the observed DIC concentra-
tions are larger than the observed DOC concentrations. DOC
concentrations are small prior to spring thaw, show a peak at
3.9 mg/L immediately following spring thaw and decline to-
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Fig. 4. Characteristic distributions summarizing(a) probability
density function (PDF) and(b) the cumulative distribution function
(CDF) of the spatially distributed travel times given in Fig. 3.

wards late summer. DIC concentrations drop markedly dur-
ing the spring thaw and reach a minimum at 1.8 mg/L during
the summer. This DIC concentration pattern in 2008 corre-
sponds to the long-term average pattern seen for alkalinity
(Fig. 2a). Based on this sampling for 2008, the annual av-
erage DOC concentration is 1.9 mg/L with a standard devia-
tion of 1.0 mg/L and the annual average DIC concentration is
3.0 mg/L with a standard deviation of 1.2 mg/L. The median
DOC concentration is 1.7 mg/L and the median DIC concen-
tration is 2.8 mg/L. Using the observed stream flow for 2008
(Fig. 5), the flow-weighted DOC concentration is 2.0 mg/L
with a standard deviation of 0.2 mg/L and the flow weighted
DIC concentration is 2.8 mg/L with a standard deviation of
0.3 mg/L. The median flow-weighted DOC concentration is
1.6 mg/L and the median flow-weighted DIC concentration
is 2.4 mg/L. The estimated carbon fluxes and release rates

www.hydrol-earth-syst-sci.net/14/941/2010/ Hydrol. Earth Syst. Sci., 14, 941–950, 2010



946 S. W. Lyon et al.: Relationship between subsurface hydrology and dissolved carbon fluxes

0

60

120

180

Jan-08 Mar-08 May-08 Aug-08 Oct-08 Dec-08
Time

S
tre

am
flo

w
 (m

3 /s
)

0

2

4

6

8

10

C
on

ce
nt

ra
tio

n 
(m

g/
L)

DOC
DIC

Fig. 5. Time series of observed concentrations of DOC (closed symbols) and DIC (open symbols) at the outlet of the Abiskojokken catchment
along with observed hydrograph for 2008.

for the Abiskojokken catchment vary depending on assum-
ing a spatially-distributed or catchment-averaged travel time
(Table 1).

4 Discussion

4.1 Estimation and validation of advective travel times

This study uses a practical and easily applicable framework
analogous to the flow modeling methodology outlined in
Jarsj̈o et al. (2007) and the travel time-based mass transport
methodology outlined in Darracq et al. (2009) for determin-
ing the spatial distribution of advective travel times. This
approach is advantageous particularly in ungauged or data
limited environments. Often, only topographic and minimal
soil data are available at the catchment-scale. This makes
the modeling of solute transport and reactive mass trans-
fer/transformation difficult, not least with respect to creating
a meaningfully representation of how solutes are physically
transported through the catchment. By adopting a physical
(advective) travel time-based methodology, we can clearly
represent the interaction between physical and biogeochemi-
cal processes that affect solutes in their transport through the
landscape in process-based transport models. As more infor-
mation becomes available in data limited environments, such
as Abiskojokken catchment, estimations of the spatial distri-
butions of advective travel times that represent the physical
solute transport can be more constrained.

We have here assumed that Darcy’s law is locally appli-
cable to describe the flux of water along single flow and
transport pathways (stream tubes). In addition, we have as-
sumed that, in the absence of observed hydraulic gradients,
the surface topography gradient can be used to approximate
the water table gradient. These estimated advective travel
times (Fig. 3) vary among the different land surface locations
over the whole catchment. The influence of using a hillslope-
average hydraulic gradient can be seen in the relative travel

time uniformity across hillslopes. This is compared to the
greater travel time variability when moving along hillslopes,
from flow divides to the stream channel. Shorter travel times
result nearer to the stream network due to the decreased flow
pathway length. Moreover, owing to limited data availabil-
ity and resolution, we have assumed that hydraulic parame-
ters are spatially homogeneous over the entire extent of the
Abiskojokken catchment. This, however, is not a necessary
condition. If detailed mapping of for instance hydraulic con-
ductivity and its variability were available across the catch-
ment, this type of information could and should be used in
the estimation of the advective travel time distribution. In
addition to hydraulic properties, the value adopted forαsh
is a key parameter for the estimation of the spatially dis-
tributed travel times. As such, its value needs to be con-
strained based on independent hydrologic measurements and
theory. Here, it was possible to constrain thisαsh value based
on independent hydrologic measurements and theory using
alkalinity as a long-term tracer of water originating from the
deep reservoir (Fig. 2). Other methods may be available to
estimate this weighting parameter for water flow fractiona-
tion between shallow and deep aquifers (e.g., Eriksson and
Destouni, 1997).

Confidence is given to the modeled distribution by inde-
pendent corroboration with field-based aquifer thickness ob-
servations and by comparison with previous empirical esti-
mates of catchment-scale travel time made in this region. In
the current study, the estimated aquifer thickness of 8 m for
the whole subsurface flow domain, which is based entirely
on observed and modeled hydrology, agrees well with ob-
served aquifer depths in quaternary deposits ranging from
1.7 m to 5.3 m in a nearby (<100 km) headwaters of river
Kalixälven (Smedberg et al., 2006) and regionally-based me-
dian values for herbaceous and mixed forest land covers of
7 m and 9 m, respectively (Smedberg et al., 2009). As such,
we can accept the hydrological characterizations assumed for
both the shallow and deeper flow domains in generating the
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Table 1. Observed concentrations (in italics) and estimated carbon fluxes and release rates for the Abiskojokken catchment. In parenthesis,
are standard deviations for observed concentrations and corresponding standard errors (based on one standard deviation) for estimated values.

Measure Parameter Units Values

Flux-averaged DOC concentration in the stream CDOC−flux mg C m−3 2000 (200)

Average DOC mass flux into the stream sDOC mg C m−2 s−1 571 (57)

Homogeneous DOC mass flux, based on the above release rate with a
lumped, single travel time and flow velocity

sDOC(τ ) mg C m−2 s−1 726 (72)

DOC release rate based on spatially distributed travel time rDOC mg C m−3 s−1 0.36 (0.04)

DOC release rate calculated from observed average mass flux with a
lumped, single travel time

rDOC(τ ) mg C m−3 s−1 0.29 (0.03)

Flux-averaged DIC concentration in the stream CDIC−flux mg C m−3 2800 (300)

Average DIC mass flux into the stream sDIC mg C m−2 s−1 799 (86)

Homogeneous DIC mass flux, based on the above release rate with a
lumped, single travel time and flow velocity

sDIC(τ ) mg C m−2 s−1 1016 (109)

DIC release rate based on spatially-distributed travel time rDIC mg C m−3 s−1 0.51 (0.05)

DIC release rate calculated from observed average mass flux with a
lumped, single travel time

rDIC(τ ) mg C m−3 s−1 0.40 (0.04)

advective solute travel time distribution (Fig. 3). Further, the
mean advective travel time modeled for the Abiskojokken
catchment (0.9 years) is in general agreement with the 1.1
years estimated using 10 years of18O isotope signatures for
the nearby 6000 km2 Torneälv catchment (Burgman et al.,
1987). The slightly larger Tornëalv catchment is subjected
to a similar climate and has a similar geological setting as the
Abiskojokken catchment.

4.2 Carbon flux in relation to flow pathways

For the Abiskojokken catchment, the fluxes of DOC and DIC
from the subsurface landscape to the surface water system
were comparable in magnitude (Table 1). DIC constitutes
about 58% and DOC about 42% of the total flux of dissolved
carbon through the landscape and into the stream network.
This differs from the larger flux of DOC observed in many
other northern landscapes. Looking over the whole of Swe-
den, Humborg et al. (2010) estimated that organic carbon
comprised the majority of the carbon flux from the terrestrial
environment to the aquatic system. For example, boreal land-
scapes tend to have a direct connection with wetlands rich in
organic matter and large amounts of DOC in stream systems
(Kortelainen, 1993; Laudon et al., 2004). For example, in
the well studied Krycklan catchments (located about 600 km
southeast of the Abiskojokken catchment), DOC comprises
about 81% of the total dissolved carbon export while DIC
makes up 19% (Wallin et al., 2010). However, in contrast
to the Swedish rivers where DOC concentrations are higher
than DIC concentrations, most large Siberian rivers are richer
in DIC than DOC. On average, DIC comprises 56% of the

total dissolved carbon export (Gordeev et al., 1996), which
is very similar to the Abiskojokken watershed. These var-
ious estimates, along with the present results, demonstrate
the fundamental differences that arise due to variation in both
ecosystem processes and subsurface materials with respect to
the carbon transport through and from the subsurface land-
scape into the surface water system. As such, there is a
need to represent an appropriate level of interaction between
the terrestrial environment and hydrology in models to cap-
ture the real nature of carbon transport along and among the
aquatic conduits (Cole et al., 2007).

In the current study, this can be seen by the comparisons of
release rates based on spatially-distributed travel times with
those estimated from a single, lumped travel time (Table 1).
Lumping to create a mean travel time value led to underesti-
mation of the release rates of both DIC and DOC (Table 1).
For the present-day Abiskojokken catchment, the local DIC
release rate was underestimated by 22% and the local DOC
release rate by 19%. The differences found here between
DIC and DOC release rates (and mass fluxes) when consid-
ering spatially distributed travel times over a single lumped
travel time are similar to previous findings considering other
types of, or more general, solute transport (e.g., Eriksson
and Destouni, 1997; Malmström et al., 2000; Lindgren and
Destouni, 2004). Such differences in how we represent the
movement of water through the catchment subsurface will
greatly affect interpretations and predictions of the CO2 sink
or source functioning of the landscape within hydrological
catchments. The first approximation given in this study elu-
cidates the role of hydrological flow and transport and the
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need for more process-based studies that consider this role
and its possible climate feedbacks. This role may be even
more important under future climate conditions, when the
balance between DOC and DIC in taiga and tundra catch-
ments (such as Abiskojokken) may be become even more
sensitive to the hydrologic regimes.

4.3 On the potential effects of changes to flow pathways
in the sub-arctic

Localized (̊Akerman and Johansson, 2008) and catchment-
scale (Lyon et al., 2009) permafrost thawing has been doc-
umented in Abiskojokken. This thawing has already led to
changes in the storage-discharge dynamics of the catchment
(Lyon et al., 2009) and could also influence future shifts in
the hydrologic flow pathways at the catchment scale. The
flow in deeper pathways, for example, has the potential to
be slower as hydraulic conductivity in Swedish soil-rock
systems typically decreases with depth into the subsurface
profile. This will likely change the advective travel times
through the catchment. Such changes could be represented in
the current modeling conceptualization by allowing deeper
subsurface flow pathways to shift the advective travel time
distribution from the present-day distribution towards a dis-
tribution that includes the longer travel times associated with
the deeper and slower flow. In addition, physically-based
models (e.g., Grimm and Painter, 2009) could allow for more
explicit accounting of changes in flow pathways and associ-
ated advective travel times due to permafrost thawing.

Fluvial and ground water exports of dissolved carbon may
be affected by such climate change-induced (or land-use in-
duced) changes in hydrology (Cole et al., 2007). Evidence
for this has been found for the Yukon River Basin where de-
creasing DOC concentrations during summer has been ex-
plained by increased flow path and travel times in combi-
nation with increased microbial mineralization of DOC in
the soil active layer and groundwater (Striegl et al., 2007).
A general increasing trend in the groundwater contribution
has also been observed across the Yukon River Basin as a
result of changed hydrological flow paths due to permafrost
thawing and this alteration of flow paths is believed to further
decrease DOC exports and increase DIC exports (Walvoord
and Striegl, 2007; Lyon and Destouni, 2010). Accordingly,
Hinzman et al. (2005) observed increasing DIC concentra-
tions (together with Mg, Ca and K) in Toolik Lake, Alaska,
suggesting deeper infiltration of runoff water and increased
weathering. For systems where the exports of DOC and DIC
are currently in a relative balance (such as the Abiskojokken
catchment), such large-scale changes in flow pathways could
ultimately shift this balance.
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Åkerman, H. J. and Johansson, M.: Thawing permafrost and thicker
active layers in sub-arctic Sweden, Permafrost and Periglacial
Proc., 19(3), 279–292, 2008.

Åkerman, H. J. and Malmström, B.: Permafrost mounds in the
Abisko area, northern Sweden, Geografiska Annaler, A68(3),
155–165, 1986.

Bogaart, P. W. and Troch, P. A.: Curvature distribution within
hillslopes and catchments and its effect on the hydrological re-
sponse, Hydrol. Earth Syst. Sci., 10, 925–936, doi:10.5194/hess-
10-925-2006, 2006.

Bring, A. and Destouni, G.: Hydrological and hydrochemical ob-
servation status in the Pan-Arctic drainage basin, Polar Research,
28, 3, doi:10.1111/j.1751-8369.2009.00126.x, 2009.

Brown, R. D. and Braaten, R. O.: Spatial and temporal variability
of Canadian monthly snow depth, 1946–1995, Atmos. Ocean,
36, 37–54, 1998.

Buttle, J. and McDonnell, J. J.: Isotope tracers in catchment hydrol-
ogy in the humid tropics, in: Forest-Water-People in the Humid
Tropics, edited by: Bonell, M. and Bruijnzeel, L. A., Cambridge
University Press, New York, 770–789, 2004.

Burgman, J. O., Calles, B., and Westman, F.: Conclusions from a
ten year study of oxygen-8 in precipitation and runoff in Sweden,
in: Isotope techniques in water resources development. IAEA
Division of Publications, ISBN 92-0-040087-6, 815 pp., 1987.

Cole, J. J., Prairie, Y. T., Caraco, N. F., McDowell, W. H., Tranvik,
L. J., Striegl, R. G., Duarte, C. M., Kortelainen, P., Downing,
J. A., Middelburg, J. J., and Melack, J.: Plumbing the global
carbon cycle: Integrating inland waters into the terrestrial carbon
budget, Ecosystems, 10, 171–184, 2007.

Curtis, J., Wendler, G., Stone, R., and Dutton, E.: Precipitation
decrease in the western Arctic, with special emphasis on Barrow
and Barter Island, Alaska, Int. J. Climatol., 18, 1687–1707, 1998.

Darracq, A., Destouni, G., Persson, K., Prieto, C., and Jarsjö, J.:
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