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Abstract. Subsurface hydrological flow pathways and ad-
vection rates through the landscape affect the quantity and
timing of hydrological transport of dissolved carbon. This
study investigates hydrological carbon transport through the
subsurface to streams and how it is affected by the distri-
bution of subsurface hydrological pathways and travel times
through the landscape. We develop a consistent mechanistic,
pathway- and travel time-based modeling approach for re-
lease and transport of dissolved organic carbon (DOC) and
dissolved inorganic carbon (DIC). The model implications
are tested against observations in the subarctic Abiskojokken
catchment in northernmost Sweden (68◦21′ N, 18◦49′ E) as a
field case example of a discontinuous permafrost region. The
results show: (a) For DOC, both concentration and load are
essentially flow-independent because their dynamics are in-
stead dominated by the annual renewal and depletion. Specif-
ically, the flow independence is the result of the small charac-
teristic DOC respiration-dissolution time scale, in the range
of 1 yr, relative to the average travel time of water through
the subsurface to the stream. (b) For DIC, the load is highly
flow-dependent due to the large characteristic weathering-
dissolution time, much larger than 1 yr, relative to the average
subsurface water travel time to the stream. This rate relation
keeps the DIC concentration essentially flow-independent,
and thereby less fluctuating in time than the DIC load.

1 Introduction

The hydrological transport of carbon has recently begun to
be included in global carbon (C) budgets (Cole et al., 2007).
Transport of dissolved C integrates terrestrial and aquatic
ecosystems, and recent ecosystem assessments acknowledge
the role that the lateral movement of water through aquatic
systems plays for dissolved organic carbon (DOC) and dis-
solved inorganic carbon (DIC) cycling (Tranvik et al., 2009).
Understanding the coupling between dissolved C and pro-
cesses related to the weathering products of carbonates and
silicates is important because of the long-term regulating ef-
fect of this weathering on CO2 concentrations in ocean and
atmosphere (Berner, 1992). Changes in land use and climate
further lead to changes in hydrological flow paths, which in
turn affect dissolved nutrient fluxes (Turner and Rabalais,
2003) and C fluxes (Lyon et al., 2010).

Terrestrial high-latitude environments, which undergo par-
ticularly large climate-driven changes, have traditionally
been viewed as long-term sinks of carbon. Local C sinks are
then coupled to recovery of eroded soils in agricultural land
during the 19th and the 20th century (Harden et al., 1999).
Due to ongoing climatic warming, however, these systems
can evolve such that they no longer serve as clear net carbon
sinks and can potentially become large net carbon sources
(Kling et al., 1991; ACIA, 2005; Fung et al., 2005; Schuur
et al., 2008). In this important context, our knowledge is lim-
ited on how sources release carbon and how DOC and DIC
are further transported from the ground and into streams and
other aquatic ecosystems in such high-latitude terrestrial sys-
tems.
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The subsurface pathways of water flow in many arctic en-
vironments are determined by permafrost characteristics and
ground ice distributions in the landscape (Carey and Woo,
2001; Framton et al., 2011; Sjöberg et al., 2013; Bosson et
al., 2012). As such, the terrestrial freshwater cycle in the Arc-
tic is intimately coupled with the existence of permafrost.
The location and distribution of the subsurface hydrologi-
cal pathways in turn influence the dissolved carbon release,
transport and cycling through the landscape (MacLean et al.,
1999; Petrone et al., 2006; McNamara et al., 2008). Also,
seasonally frozen ground conditions in winter may imply
prevalence of relatively deep flow pathways affecting min-
eral weathering (MacLean et al., 1999) and its DIC products
(Lyon et al., 2010). During the spring freshet and summer
seasons, there may instead be a prevalence of near-surface
flow pathways through organic-rich soil horizons (Carey,
2003; Carey and Quinton, 2004) leading to increased con-
centrations of DOC in rivers and aquatic systems.

A more complete mechanistic understanding and quantifi-
cation framework is needed to characterize current condi-
tions and estimate potential future changes to the hydrologi-
cal transport of dissolved carbon in the world. In this study,
we develop such a framework and exemplify its possible ap-
plication to a subarctic landscape in northern Sweden. We
then use a Lagrangian approach, based on the hydrological
pathways and travel times of water and solute through the
landscape and its underlying geological formations, because
this offers several advantages for understanding and quantifi-
cation. Similar approaches have been applied to a wide range
of solute (tracer, pollutant) release and transport problems in
various landscape/subsurface parts, separately and linked in
whole catchments (see, e.g., Destouni et al., 2010; Cvetkovic
et al., 2012, and references therein). Owing to its flexibility,
such a Lagrangian framework can provide a hydrologically
consistent manner by which to explore the release, transport
and export of dissolved carbon from terrestrial arctic land-
scapes. Lyon et al. (2010), for instance, used this approach
to interpret measured DOC and DIC transport to the stream
in the Swedish subarctic Abiskojokken catchment and quan-
tify average rates (r, in terms of mass release per unit time
and bulk soil volume [M T−1 L−3]) of organic and inorganic
carbon release/dissolution into soil water.

The aim of the present study is to further develop the
Lagrangian approach to DOC and DIC release and trans-
port from subsurface to surface water systems, and to use
this approach to further resolve, distinguish and quantify
the mechanisms and controls that underlie the release rate
r for DOC and DIC in the specific example of the Abisko-
jokken catchment, located in a discontinuous permafrost re-
gion. This study is structured as follows. In the methods sec-
tion we first describe the Abiskojokken catchment and the
observed export patterns and hydrogeochemical signals of
DOC and DIC in that catchment. We further develop and de-
scribe the mechanistic Lagrangian framework by which the
available observation data are interpreted to infer the DOC

and DIC source inputs and transport through the subsurface
hydrological pathways in the landscape of the Abiskojokken
catchment, which includes seasonal frost and permafrost. For
the model development and interpretation application, we
link different previous model development components (e.g.,
the characteristic travel time and release time) (Eriksson and
Destouni, 1997; Lyon et al., 2010) into the present pathway-
and travel time-based modeling framework for diffuse source
release and transport of dissolved carbon. In the results sec-
tion, we show and explain the implications of the developed
mechanistic modeling framework for the dynamics of DOC
and DIC export, and then compare these implications with
the available observations of the dynamics of streamflow and
relevant water chemistry in Abiskojokken. We further dis-
cuss the results in a separate discussion section and outline
our overall conclusions in the conclusions section.

2 Methods

2.1 Site description: the Abiskojokken catchment

The Abiskojokken catchment (68◦21′36′′ N, 18◦46′48′′ E) is
situated in the Abisko region, a glacially eroded subarctic
environment 200 km north of the Arctic Circle (Fig. 1). The
catchment has an area of 566 km2 and its elevation ranges
from 350 m to 1600 m a.s.l. (above sea level). Abisko had
a mean annual precipitation of 304 mm yr−1 in the reference
time period 1961–1990 (Swedish Meteorological and Hy-
drological Institute – SMHI) but there is a strong gradient
in precipitation with elevation in the catchment. Mean an-
nual air temperature for the same time period was−0.8◦C
(SMHI, station no. 18880, Abisko), but it has since 2000 sig-
nificantly exceeded 0◦C, which is a threshold for many eco-
logical and cryospheric processes (Callaghan et al., 2010).
Permafrost in the Abisko region is discontinuous (Brown
et al., 1998; Johansson et al., 2006) and decreases in cov-
erage along a gradient from west to east. Regionally, Sjöberg
et al. (2013) have shown presence and change of permafrost
in northern Swedish catchments over the past decades. The
permafrost distribution is patchy and shows a strong relation-
ship with elevation; about 73 % of the catchment area is sit-
uated above 800 m, which is an elevation threshold for prob-
able presence of permafrost in the Abisko region (Ridefelt
et al., 2008). The presence and quality of permafrost varies
on a small spatial scale under the influence of topography,
snow cover amount and duration, as well as local hydrologi-
cal conditions (Kneisel, 2010). An average permafrost thaw-
ing rate for the Abiskojokken catchment has been estimated
through recession flow analysis to have been 0.9 cm yr−1 dur-
ing the past 90 yr (Lyon et al., 2009).

The bedrock in the catchment is dominated by mica schists
and calcite marble (Kulling and Geijer, 1960). While there
is no detailed soil characterization available for the Abisko-
jokken catchment, the median depth of the till-dominated
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Fig. 1. (a) Map of Scandinavia with Abiskojokken catchment in
northern Sweden (marked in black) and the polar circle (marked
by line). (b) Site map of Abiskojokken catchment with 73 % of the
catchment situated above 800 m a.s.l. (shaded gray); the outlet is
marked by a star (68◦21′36′′ N, 18◦46′48′′ E). The coordinate sys-
tem is given in SWEREF 99.

unconsolidated sediments has been estimated to range be-
tween 5 m for deciduous forest to about 7 m for herbaceous
vegetation in this region (Smedberg et al., 2009), and re-
gional studies of nearby Kärkevagge show typically coarse-
loamy soils with 5 % clay with a slightly acidic soil pH
(Darmody et al., 2000). The subalpine birch forest (Betula
pubescens tortuosa) in the Abisko valley generally reaches
650 m a.s.l., and up to 700 m a.s.l. on south-facing slopes.
The ground is generally dry and the undergrowth is species-
poor. Above the birch forest the vegetation shifts to wil-
low (Salix sp.) and dwarf birch (Betula nana) dominated
heaths. Above the heaths the vegetation transitions into
dry shrubland and meadows with low herbs. Middle alpine
grass heaths dominate at elevations higher than 1000 m a.s.l.
(Rafstedt et al., 1985).

2.2 Observations and analysis

Publically available long-term hydrological and stream
chemistry data make it possible to utilize the Abisko-
jokken for this study. Monthly stream chemistry data, includ-
ing alkalinity (mekv L−1) and total organic carbon (TOC,
mg L−1), are available for Abiskojokken for the period 1982
to 2011 through a systematic monitoring program carried out
by the Swedish University of Agricultural Sciences (SLU),
Department of Environmental Assessment. We have fur-
ther used the short-term stream chemistry data for alkalin-
ity (mmol L−1), and DOC (mg L−1) and DIC (mg L−1) con-
centrations reported by Lyon et al. (2010) for the year 2008
to also estimate long-term monthly concentrations of DOC
and DIC for Abiskojokken. There is namely a strong rela-
tion between the long-term data of monthly TOC in Abisko-
jokken and the short-term DOC data of Lyon et al. (2010)
(r2

= 0.98; [TOC] = 1.195· [DOC] − 0.28, see Fig. A1, Ap-
pendix A), such that DOC can be considered essentially

equivalent to TOC for this system. For long-term DIC, there
is further a strong linear relationship between the long-term
data for alkalinity and the short-term DIC data of Lyon
et al. (2010) (r2

= 0.99; [alk] = 0.77· [DIC] − 0.0071, see
Fig. A2, Appendix A). This DIC relationship was used to
translate the available long-term monthly alkalinity values
into long-term monthly DIC concentrations. Daily stream-
flow for Abiskojokken is further available from the Swedish
Meteorological and Hydrological Institute (SMHI; Gage ID
957) from 1986 to 2010; we then calculated monthly and an-
nual total discharges (m3 yr−1) for this period. Annual mass
flux of DOC and DIC was calculated from 1986 to 2010 as
the annual sum of the monthly total mass flux (the product of
concentration and monthly total water discharge, Fig. 2). An-
nual flow-weighted mean concentrations (g m−3) for DOC
and DIC were finally calculated by dividing the respective
annual mass flux by the total annual water discharge. This
simple approach to estimate annual mass loads and flow-
weighted concentrations of DOC and DIC was used instead
of other approaches (e.g., LOADEST as in Tank et al., 2012)
since the current study (and essentially the modeling frame-
work developed) is primarily focused on variability of annual
export rather than on short-term load fluctuations. As such,
the potential influence of the interpolation method on annual
load estimates is assumed to be small with regard to the scope
of the present study. Based on statistical analysis, the an-
nual flow-weighted mean concentration of DOC determined
for the year 1989 was further formally removed as an out-
lier, as it was more than twice the interquartile range above
the median of the annual data, and not considered in further
analysis. Closer inspection of the monthly observations from
1989 showed that the peak observed DOC concentration did
not correspond to the observed annual streamflow peak and
observed minimum DIC concentration, which is atypical for
this system according to Giesler et al. (2013). This provides
further support for removing the 1989 DOC concentration as
an outlier.

The resulting time series of annual flow-weighted DOC
and DIC concentrations, annual DOC and DIC mass fluxes,
and annual total discharge for the Abiskojokken catchment
were further analyzed for trends (at a significance level
of α = 0.1), using the generalized least squares approach
(Box et al., 2008) after removal of autocorrelation with the
Durbin–Watson test in agreement with the methodology put
forward by Durbin and Watson (1950, 1951, 1971). In addi-
tion, the correlations of DOC and DIC export concentrations
and of corresponding mass fluxes with total annual discharge
were assessed.

2.3 A mechanistic framework for modeling of solute
release and transport

Starting from Lyon et al. (2010), the concentration,c [M L −3

water], and mass flux,s [M L −2 T−1], (Table 1) of DOC
or DIC exported through a stream cross-section from an
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Table 1.Model parameters and estimated parameter value estimates (standard deviation within parentheses) for the Abiskojokken catchment.

Parameter Measure Dimensions Values Data source

c Annual flow-weighted
mean concentration

[M L −3] cDOC = 1.60 (0.339)
g m−3

SLU

cDIC = 2.66 (0.291)
g m−3

SLU, Lyon et al. (2010)

s Mass fluxs = cqs [M L −2 T−1]
S Mass flow rateS = cQ [M T−1] SDOC = 697 878

(139 750) tons yr−1
SLU

SDIC = 1 187 389
(237 484) tons yr−1

SLU, Lyon et al. (2010)

qs Specific discharge [L T−1]
Q Total annual discharge [L3 T−1] 446 866 103

(78 788 597) m3 yr−1
SMHI

r DOC/DIC dissolution rate [M T−1 L−3]
k Release rate constant, with

1/k quantifying a characteristic
time for the entirec∗

0 to dissolve

[T−1]

τ Advective (water) travel time
through the stream tube

[T]

θ Average volumetric water
content

[–] [L3water]
[L3bulk]

qs = Specific discharge (L T-1)
Q = Discharge rate (L3T-1)
c = Concentration (M L-3)
s = Mass flux (M L-2 T-1)
S = Mass flow rate (M T-1)
A = Cross-sectional area X Y (L2)

qs = Q / A
s = c qs
S = c Q = s A

X

Y

Pathways of water flow and 
carbon transport going through 
a stream cross section 

Fig. 2.Schematic representation of specific discharge (qs) and mass
flux (s) in terms of concentration (c) and discharge flow rate (Q)
with associated cross-sectional area (A).

individual pathway, or stream tube, of water flow and solute
transport (Fig. 2), originating from the land surface and going
through the soil–groundwater system to the stream (Fig. 3),
can be expressed as

c = r
τ

θ
and s = r

qsτ

θ
, (1)

wherer is the average release (dissolution) rate [M T−1 L−3]
of DOC or DIC in the stream tube,τ is the advective (wa-
ter) travel time [T] through the stream tube (essentially
the time for 1 pore volume of water to flow through the
stream tube),θ is the average volumetric water content (–)
[L3 water L−3 bulk] (equals the porosity under fully satu-
rated groundwater conditions), andqs is the local specific

groundwater discharge (Darcy flux) [L T−1] flowing into the
stream through the interface with the sediment–groundwater
system. The term stream tube is used to describe mass trans-
port through an infinitesimal three-dimensional space cen-
tered around and along each of the hydrological pathways
(streamlines, trajectories) of water flow and solute transport
illustrated in Figs. 2–3. The terms stream tube, streamline,
trajectory, and hydrological pathway are defined and used
similarly as in earlier work considering transport in steady
groundwater flow by Cvetkovic and Dagan (1994), through
the linked unsaturated soil water–saturated groundwater flow
system by Destouni and Graham (1995), through the linked
groundwater–stream system by Lindgren et al. (2004), and
through multiple hydrologically and/or hydrochemically dif-
ferent parts of a whole catchment by Cvetkovic et al. (2012),
to which we refer the reader for further mechanistic and
physical explanation details.

Neglecting local dispersion and molecular diffusion, and
considering the simplest case of constant release (dissolu-
tion) rate (zeroth-order kinetics) from the solid into the mo-
bile water phase,r can be further resolved and expressed
(Eriksson and Destouni, 1997) as

r =
dc∗

dt
= −kc∗

0, (2)

wheret is the running time [T],c∗ is the average bulk con-
centration [M L−3 bulk] of organic carbon in the soil for
DOC and inorganic carbon in the solid phase of the (soil, un-
consolidated sediment, bedrock) stream tube for DIC,c∗

0 is
the initial c∗ at time t = 0, andk is a release rate constant
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Max

Min

Seasonal 
variation

Fig. 3. Examples of different pathways of water flow and solute
transport emerging from an arbitrary recharge location in a catch-
ment. A statistical ensemble of pathways is obtained when consid-
ering all recharge locations over the entire area of a catchment.
The thick dashed lines indicate main average pathways and the
thin dashed lines indicate examples of individual pathway variations
(in space) and fluctuations (in time) around each mean. Depending
on boundary conditions and catchment-internal structure (includ-
ing prevailing average groundwater level and its fluctuations), wa-
ter flow and solute flux will be partitioned differently between the
two main (thick, dashed) mean pathways. Modified after Cvetkovic
et al. (2012).

[T−1] (with 1/k quantifying a characteristic time for the
entire initial bulk concentrationc∗

0 to dissolve). Inserting
Eq. (2) into Eq. (1) (throughr) and solving for initial con-
ditionsc∗(0) = c∗

0 andc(0) = 0 throughout the entire stream
tube and boundary conditionc(t,0) = 0 (zero concentration
in incoming water to the stream tube) yields a relevant set
of solutions for solute concentrationc and mass fluxs in the
water flowing from the soil–groundwater stream tube into the
stream at timet based on Eriksson and Destouni (1997).

For travel timeτ ≤ 1/k (with c∗

0 dissolving entirely at
time t = 1/k, the first pore volume of water having flowed
through the stream tube at timet = τ ) and different running
time t , the resulting solution expressions for concentrationc

and mass fluxs are:

– for t ≤ τ

θ c

c∗

0
= kt;

θ s

qsc
∗

0
= kt, (3a)

– for τ < t ≤ 1/k

θ c

c∗

0
= kτ ;

θ s

qsc
∗

0
= kτ and (3b)

– for 1/k < t ≤ 1/k + τ

θ c

c∗

0
= k(τ − 1) + 1;

θ s

qsc
∗

0
= k(τ − 1) + 1. (3c)

For travel timeτ > 1/k and different running timet , the
resulting solution expressions for concentrationc and mass
flux s are:

– for t ≤ 1/k

θ c

c∗

0
= kt;

θ s

qsc
∗

0
= kt, (4a)

– for 1/k < t ≤ τ

θ c

c∗

0
= 1;

θ s

qsc
∗

0
= 1 and (4b)

– for τ < t ≤ τ + 1/k

θ c

c∗

0
= k(τ − 1) + 1;

θ s

qsc
∗

0
= k(τ − 1) + 1. (4c)

The solutions expressed by Eqs. (3)–(4) apply for solute
release and transport through a single stream tube (individual
pathway in Figs. 2–3), characterized by a single value ofτ .
Averaging over the whole ensemble of different stream tubes
(all possible pathways in Figs. 2–3), with associated differ-
entτ , yields flux-averaged concentrationcf and average mass
flux into the stream network (Lyon et al., 2010) as

cf =
1

qs

∞∫
0

(cqs)g(τ )dτ

=
1

qs

∞∫
0

sg(τ )dτ ; and s = cf · qs, (5)

whereqs is the average water flux andg(τ) is the probabil-
ity density function (pdf) that quantifies the spatial distribu-
tion of advective solute travel timesτ among all the different
possible pathways through the catchment to the stream sys-
tem (Fig. 3). The catchment-average mass fluxs = cf · qs in
Eq. (5) follows directly from the definition of flux-averaged
concentration on the catchment scalecf , in which the inte-
gral

∫
∞

0 sg(τ )dτ is by definition the average mass fluxs. For
further physical explanation and quantification of the differ-
ence between the flux-averaged concentrationcf and a simple
average (also called average resident) concentration expres-
sion c =

∫
∞

0 c g(τ)dτ , and on the direct relation of (only)
cf with the large-scale average mass fluxs = cf · qs, we re-
fer the reader to Destouni and Cvetkovic (1991; specifically
their Sect. 5: Comparison between the flux-averaged and the
resident concentration models).

Equations (3)–(5) provide a generic framework for so-
lute release and transport through a catchment, which can
be used to quantify different cases of subsurface DOC and
DIC release and subsequent transport into streams. Different
types and forms of the pdfg(τ) are possible and relevant
for different catchment conditions (Lindgren et al., 2004;
Cvetkovic, 2011; Persson et al., 2011). In the following sec-
tion, we test and illustrate results of the catchment-average
solution Eq. (5) for the simple example of uniformg(τ), with
0 ≤ τ ≤ 2E[τ ] andE[τ ] being averageτ . This g(τ) choice
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is made for its simplicity and because it allows for purely
analytical solutions. Other, more realistic functions forg(τ)

have for instance been studied by Persson et al. (2011) and
Cvetkovic (2011), and their often greaterτ variability than
that studied here for uniformg(τ) is likely to further enhance
the main implications of spatialτ variability that are shown
and discussed in the following.

3 Results

3.1 DOC and DIC release and transport dynamics

3.1.1 The DOC case

The aim of the calculation examples in this section is to
demonstrate what the flow-independent dynamics of normal-
ized (withqs and/orqs) concentrationc and mass fluxs from
Eqs. (3)–(5) may look like under various conditions of rel-
evance for DOC and DIC release and transport. This exem-
plification is done for a single pathway (stream tube) with a
single travel timeτ = 1 yr, as well as for an ensemble of path-
ways (stream tubes) with variable (uniformly distributed)τ

with an average value of 1 yr. For DOC,c∗

0 represents the
bulk concentration of organic material in the organic hori-
zon, which is annually renewed, dissolved and transported
as DOC to streams each year. This annual periodicity im-
plies that the characteristic DOC release time 1/k should be
on the order of 1 yr or smaller. The reported order of mag-
nitude of mean advective travel time,τ , through the soil–
groundwater system of the Abiskojokken catchment is also
about 1 yr (Lyon et al., 2010), as has been reported for aver-
ageτ also in other, regionally relevant, Swedish catchments
(Darracq et al., 2010; Persson et al., 2011). The reported
value of 1 yr by Lyon et al. (2010) was obtained using a dis-
tributed travel time model based on Darcy’s Law, which was
regionally supported by use of isotope tracers in a nearby
catchment by Burgman et al. (1987). Similar averageτ and
1/k magnitudes (of around 1 yr for both) imply that any and
all of the different Eqs. (3)–(4) may apply to the case of DOC
release and transport through the different possible individual
stream tubes of a catchment that are included in the integra-
tion over the entire travel time pdfg(τ) in Eq. (5).

Figure 4 shows resulting calculated dynamics of possible
DOC transport, in terms of normalized concentrationcθ/c∗

0
and mass fluxsθ/(qsc

∗

0) in a single stream tube (singleτ ;
Fig. 4a), andcfθ/c∗

0 and sθ/qsc
∗

0 over a whole catchment
(variable τ ; Fig. 4b), for different (single stream tube or
catchment-average)τ and release ratek (or characteristic re-
lease time scale 1/k). For any given travel timeτ (for single
stream tube or catchment-average; here 1 yr), a lower aver-
age release ratek implies longer time 1/k to complete dis-
solution of the annually renewed soil source of DOC (c∗

0) as
well as longer time to reaching a stable average concentration
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Fig. 4.DOC transport dynamics.(a) Results for a single stream tube
with a single travel time,τ = 1 yr. (b) Results for an ensemble of
stream tubes with variable (uniformly distributed)τ , and average
τ = 1 yr. The results show how the release ratek (or characteristic
release time 1/k) affects DOC concentration and mass flux from the
soil–groundwater into the stream system.

and mass flux level (even though with possible fluctuations
around the latter for differentτ conditions; Fig. 4b).

For release and transport along a single pathway (stream
tube) with a singleτ value (Fig. 4a), the flow-normalizedc
ands do not fluctuate around their average levels. The corre-
sponding catchment-averagecf and s, however, can clearly
fluctuate in time even for temporally constantc∗

0, θ and
qs, which have here been used for normalization (Fig. 4b).
The local single pathway (or stream tube) and catchment-
average (for the whole ensemble of pathways) results differ
temporally due to the spatialτ variability accounted for in
the latter. This variability implies different temporal evolu-
tion with increasing timet for the different solution compo-
nents of Eqs. (3)–(4) that apply to different pathways (stream
tubes) in the catchment. The temporal fluctuations in the
catchment-average results increase with decreasing average
dissolution time 1/k < 1yr (see example 1/k = 0.1yr com-
pared with 1/k = 1yr in Fig. 4b). For average dissolution
time 1/k ≥ 1yr, the fluctuations are overall smaller than for
1/k < 1, and they disappear when 1/k values reach integer
multiples of the source renewal rate of 1 yr (see 1/k = 1.9yr
and 1/k = 1yr in Fig. 4b). The temporal variability of flux-
average concentration, obtained for a whole ensemble of spa-
tially variable pathways through Eq. (5) (Fig. 4b), may in the
DOC case also dominate the dynamics of catchment-average
mass flux, which may then be essentially independent of
the temporal variability in water discharge. We will further
investigate this hypothesis using observation data from the
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Abiskojokken catchment, which are independent of the cal-
culation results for Eqs. (3)–(5) that have been exemplified
and discussed in this section.

3.1.2 The DIC case

For the case of DIC,c∗

0 represents the average bulk min-
eral concentration in the whole unconsolidated sediment and
bedrock system where weathering can occur and dissolve in-
organic carbon under the surface of the catchment. This is
a relatively slow process (compared to the respiration and
dissolution rates for organic carbon), so that complete deple-
tion of c∗

0 (which is not renewed in the DIC case) can be
expected to take a long time. This is quantified by a much
greater characteristic dissolution time 1/k than the average
τ of 1 yr. Under such conditions, Eq. (3b) forτ < t ≤ 1/k is
more or less generally applicable for most (if not all) prevail-
ing subsurface flow and transport pathways (stream tubes)
through a catchment. This means that the DIC concentration
is in this case predominantly determined by the averagekτ

value (i.e., the relationτ/(1/k) between average advective
travel time and time to total dissolution). In other words,
the flux-average concentration of DIC should not exhibit
the dynamic fluctuation effect evident for DOC (Fig. 4b),
since that effect is due to different solution components of
Eqs. (3)–(4) applying to stream tubes with differentτ in the
catchment-average solution Eq. (5). This expectation is con-
firmed by calculation results for a large dissolution time scale
1/k (� averageτ ; Fig. 5), as should be relevant for DIC
release and transport. It should be noted that the DIC con-
centration becomes temporally stable already for 1/k = 3 yr,
with greater dissolution times 1/k yielding lower concentra-
tion levels (see examples of 1/k = 100 yr and 1/k = 1000 yr
in Fig. 5).

As a consequence, the dynamics of catchment-average
mass fluxs should for DIC be dominated by the tempo-
ral variability of local (qs) and catchment-average (qs) dis-
charge. Minor contributors to the behavior ofs are the hy-
drological parametersθ and τ , and a possible decrease in
the bulk mineral sourcec∗ as the weathering and dissolu-
tion progress with time. The latter possibility has for sim-
plicity been neglected in the underlying dissolution Eq. (2),
as this effect has been investigated and shown previously by
Eriksson and Destouni (1997) and will not affect the main
results and implications of the present study. The tempo-
ral variability effects ofθ and τ are expected to be much
smaller than the effect of temporal variability in discharge
(qs andqs). This implies that we expect the DIC mass flux
measured in the field to be highly correlated with the mea-
sured stream discharge, while the DIC concentration should
be much less variable in time and essentially uncorrelated
with discharge. This DIC expectation will in the following
section be tested against available data from the Abisko-
jokken catchment, along with the complementary hypothesis
formulated above for DOC.
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Fig. 5. DIC transport dynamics. Results are shown on log scale for
single travel time (τ = 1 yr; solid curves) and variable, uniformly
distributedτ (with average value of 1 yr; dashed curves) for differ-
ent values of release ratek (or characteristic release time 1/k).

3.2 Interpreting observed data from the Abiskojokken
catchment

3.2.1 Time series analysis of observed data

The total annual water discharge exhibits a significant de-
creasing trend (p = 0.078;p < α) over the period of obser-
vation in the Abiskojokken catchment (between 1986 and
2010; Fig. 6). For the same time period there is a signifi-
cant positive trend (p = 0.060; p < α) in the annual flow-
weighted average DIC concentration (Fig. 7a), while the an-
nual flow-weighted average DOC concentration is essentially
constant. There are no significant trends in the total annual
mass flux of either DIC or DOC over the period (Fig. 7b).

3.2.2 Observed data dynamics compared with
model results

Taken together, the relationship between observed mass
flux and concentration fluctuations, and the results of the
mechanistic model provide a lens through which to directly
interpret the above-mentioned trends (or lack thereof) in
DOC/DIC concentrations and loads (Figs. 7 and 8). Starting
with the significant trend exhibited by the water discharge
over the observation period in Abiskojokken (Fig. 6), this re-
flects a temporally sustained flow decrease over the whole
catchment and, most importantly, over sufficiently long time
(rather than just being a short-term fluctuation) to also af-
fect the average water travel timeτ through the catchment.
The discharge decrease trend is consistent with previously
reported shifts in both observed (Lyon et al., 2009; Dahlke
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Fig. 6. Annual discharge between 1986 and 2010 at the outlet of
Abiskojokken catchment. The discharge exhibits a significant (p =

0.078) negative trend.

et al., 2012) and modeled (Sjöberg et al., 2013) hydrological
flow, primarily due to thawing of permafrost and secondar-
ily due to shifted climatic forcing (mainly temperature in-
crease) (Dahlke et al., 2012). Furthermore, the DIC concen-
tration decrease trend is consistent with increasing averageτ

in the most relevant mechanistic model solution, Eq. (3b), for
DIC. The observed increasing DIC concentration is thus ex-
plained by the significant discharge and associatedτ trends.
The DIC-relevant Eq. (3b) further shows that the discharge
decrease andτ increase trends counteract each other in the
mass flux expression, leaving the DIC mass flux essentially
unchanged, as is also independently observed in the field
(Fig. 7b). For the DOC concentration, the dynamic effect
induced by the spatialτ variability is sufficiently dominant
to override and mask the discharge decrease andτ increase
trends, so that the observed annual flow-weighted average
DOC concentration does not exhibit any significant trend
over the observation period.

4 Discussion

4.1 Relationship between observed and modeled
C dynamics

As expected from the mechanistic model implications, the
fluctuations of annual flow-weighted average DIC concen-
tration around its mean trend is essentially independent of
the discharge fluctuations (Fig. 8a), while the fluctuations in
annual DIC mass flux show high positive correlation with
the fluctuations in annual discharge (Fig. 8b). While some
spatial variability likely exists also in weathering rates, for
instance, between higher altitudes and lower valley bottoms
(e.g., Allen et al., 2001; Dixon et al., 2008), high correla-
tion between solute mass flux and water discharge (Fig. 8b)
has also been found in other studies, for diffuse solute inputs
from geogenic sources or for inputs from subsurface sources
that have been formed over time as legacies of earlier anthro-
pogenic solute inputs at the land surface (Godsey et al., 2009;
Basu et al., 2010).
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Fig. 7. Dissolved carbon time series.(a) Annual flow-weighted
mean (FWM) concentration of DOC and DIC at the outlet of
Abiskojokken catchment. The DIC concentration exhibits a signifi-
cant (p = 0.060) positive trend.(b) Annual mass flow rate of DOC
and DIC at the outlet of Abiskojokken catchment; the relation be-
tween mass flow rate,S, and mass flux,s, is as shown in Fig. 2.

Across six large arctic catchments, Tank et al. (2012) fur-
ther found that annual DIC mass flux is positively corre-
lated with discharge and with the presence of carbonate rock.
DIC loading from the subarctic landscape at the scale of the
Abiskojokken catchment, as such, appears to be associated
with the diffuse and relatively slow DIC release from rather
ubiquitous weathering across the entire catchment. Release
time of DOC is likely to be enhanced under climatic warm-
ing, due to a prolonged growing season and/or enhanced
breaking down of organic material. Release times of DIC
from the ubiquitous weathering are not likely to change due
to climate warming, but transformation from organic to in-
organic carbon has been found to increase with contact time
with mineralogenic sediments (Kawahigashi et al., 2006).

The ubiquitous weathering interpretation of DIC results is
consistent with recent work relating the easily weatherable
carbonaceous bedrock (specifically Ca/Na ratio) with DIC in
streams across spatial scales for this region (Giesler et al.,
2013). Furthermore, the interpretation of high DIC mass flux
correlation with discharge is coherent with that wet years re-
sult in relatively greater increase in DIC export than in DOC
export (Olefeldt et al., 2012). As such, the large average dis-
solution time scale (1/k � averageτ ) relevant for weather-
ing and its byproducts (i.e., for DIC) makes the mechanistic
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solution component Eq. (3b) predominant. The DIC concen-
tration is then controlled at a similar stable level, as deter-
mined by averagekτ , throughout most or all the flow and
transport pathways (stream tubes) through the catchment, as
described in Sect. 2.3. Not onlyk but also averageτ is to a
large degree independent of the temporal fluctuations of dis-
charge into the stream, because the whole flow and transport
process through the soil–groundwater system to the stream,
which determines averageτ , is not much affected by (or cor-
related with) the most downstream discharge (qs) and its tem-
poral fluctuations precisely at the stream interface.

As also expected from the mechanistic model implica-
tions, and counter to the DIC behavior, the fluctuations of
both the annual flow-weighted DOC concentration (Fig. 8a)
and the annual DOC mass flux (Fig. 8b) are essentially un-
correlated with the discharge fluctuations. We recall here
that the basis for expecting this discharge independence is
the above-discussed dynamic effect of spatially variableτ

in the DOC case (which is not the case for DIC, for which
1/k � averageτ ). Additional dynamic DOC effects can be
partly attributed to the variable nature of decomposition rates
for organic material and the associated release rate for DOC,
which are coupled to numerous factors such as tempera-
ture, vegetation type and soil moisture distribution (Clark
et al., 2005; Hobbie et al., 2000; Lyon et al., 2011; Seibert
et al., 2009; Sjogersten and Wookey, 2004; Winterdahl et al.,
2011). The interpretation of dominant discharge-independent
DOC dynamics is consistent with several studies highlight-
ing explicitly the connection between sub-annual variations
in soil water DOC (akin to the DOC release time scale) and
stream concentrations (e.g., Seibert et al., 2009; Clark et al.,
2005).

Furthermore, by quantifying the DOC concentration fluc-
tuations around the temporal mean or median value and com-
paring them with the fluctuations implied by the mecha-
nistic model solution for different 1/k values, we can get
a rough estimate of what the prevailing average DOC re-
lease time scale 1/k may actually be in the Abiskojokken
catchment. Recent work by Jawitz and Mitchell (2011) has
demonstrated that considering the ratio of the variances of
log-transformed loads and log-transformed flows may pro-
vide improved understanding of the interplay between con-
centrations and loads in relation to chemostasis. By adopting
such an approach, analytical solutions for the solute export
equations describing the correlation between mass fluxes and
discharge (such as that seen in Fig. 8) may still be possi-
ble. Characteristic fluctuations around the mean are calcu-
lated here as the range between the maximum and minimum
value in relation to the mean, whereas fluctuations around the
median are calculated as the difference between the 90th and
10th percentile in relation to the median. For the mechanistic
model, a 1/k value of about 0.1 yr then gives relative fluc-
tuations of normalized flux-average DOC concentration (and
normalized mass flux) of about 40 % around the mean and
22 % around the median value (Fig. 4b). This is consistent
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Fig. 8. Dissolved carbon discharge relationships.(a) Annual flow-
weighted mean (FWM) of DOC and DIC versus annual discharge at
the outlet of Abiskojokken catchment.(b) Annual mass flow rate of
DOC and DIC versus annual discharge at the outlet of Abiskojokken
catchment; the relation between mass flow rate,S, and mass flux,s,
is as shown in Fig. 2.

with the relative fluctuations of annual flow-weighted av-
erage DOC concentration in the observed time series data,
which are 43 and 27 % around the mean and median value,
respectively (Fig. 7a). Furthermore, a DOC release time scale
of 0.1 yr matches the time period of the spring freshet, while
a release time scale of up to around 0.4 yr corresponds to
the period of the wet summer season with shallow flow path-
ways for Abiskojokken (Lyon et al., 2010). This is in line
with previous conceptual understanding of DOC export from
these landscapes (Smedberg et al., 2006).

Considering further the observed annual flow-weighted
average DIC concentration, it exhibits lower fluctuations
around both its mean (22 %) and median (14 %) concentra-
tion value than (the corresponding 43 and 27 % of) the DOC
concentration (all calculated from the time series in Fig. 7a).
Moreover, while the observed DOC mass flux fluctuations
(from the time series in Fig. 7b) are similar (36 and 27 %
around the mean and the median mass flux value, respec-
tively) to those of the DOC concentration (of 43 and 27 %,
respectively), the corresponding DIC mass flux fluctuations
of 44 and 23 % are higher than the DIC concentration fluc-
tuations (of 22 and 14 %). The temporal variability in DIC
mass flux can largely be explained by the temporal discharge
variability (Fig. 8b) in combination with the relatively small
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DIC concentration fluctuations. These findings further sup-
port the modeling expectation of the discharge (qs) tempo-
ral variability being greater and more important for the DIC
mass flux than the temporal variability of the other involved
hydrological parameters (θ , τ ).

5 Conclusions

The results of this study show that the releases of organic
and inorganic carbon and the corresponding export dynam-
ics of DOC and DIC function on widely different time scales
in the investigated field case of the Abiskojokken catchment.
Furthermore, they depend differently on the subsurface con-
ditions and spatiotemporal variability of different hydrologi-
cal/hydrogeological (HH) and solute-specific (SS) factors in
the catchment.

The overall export concentration and mass flux levels of
both DOC and DIC depend on: (i) the respective (SS) bulk
concentration (c∗) in the subsurface source zones of DOC
and DIC, and (ii) the relation between the (HH) average ad-
vective solute travel time (τ ) and the (SS) characteristic re-
lease time (1/k) of DOC and DIC from their respective ubiq-
uitous source inputs along the subsurface transport pathways
to the receiving stream. Furthermore, for both the concen-
tration and the mass flux of DOC (iii) the spatial (HH) vari-
ability of travel times (τ ) among the different subsurface flow
and transport pathways to the stream controls the fluctuations
around the overall mean DOC level. In contrast, the fluctua-
tions in DIC mass flux (iv) depend to a large degree on the
temporal (HH) variability of discharge into the stream (qs),
while the smaller DIC concentration fluctuations (v) may for
instance depend on and reflect the effects of temporal (HH)
variability in other flow and transport parameters (θ,τ ).

By distinguishing in this way the role of different solute-
specific and hydrological/hydrogeological factors, with the
latter being similar for different solutes in the same catch-
ment, these results can facilitate further and improved quan-
tification and projection of how climate-driven and hydrolog-
ically mediated and propagated changes in catchments can
affect the magnitude and dynamics of DOC and DIC export
to streams. The present study has combined relatively long
data time series with mechanistic model conceptualization
and hypothesis formulation to identify and quantify the dom-
inant solute release and transport processes for the main dy-
namic features in the time series of the observation data. This
approach can more generally help in clarifying the connec-
tions between stream chemistry dynamics of DOC, DIC and
other types of solute, and their hydroclimatic controls and
conditions along diffuse subsurface sources and pathways,
which feed into the stream networks of regional catchments
in different parts of the world.
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Fig. A1. Concentrations of TOC and DOC for Abiskojokken
outlet, measured within a range of 3–5 days. TOC concentration
was measured on a monthly basis whereas DOC was measured
between 2 and 9 times per month. The measurements were
conducted from April to July 2008 and the bars show minimum
and maximum TOC values measured for the same months.
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Abiskojokken outlet for entire April 2008.
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