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Abstract

Quantitative understanding of the variation in dissolved organic carbon (DOC) is impor-
tant to studying the terrestrial ecosystem carbon cycle. This study presents a process-
based, dissolved organic carbon dynamics model (DOCDM 1.0) that couples the soil
heat conduction, water flow, DOC production, mineralization and transport in both5

surface and subsurface of soil profile to quantify DOC dynamics in boreal terrestrial
ecosystems. The model is first evaluated and then applied for a watershed in Alaska to
investigate its DOC production and transport. We find that 42 and 27 % of precipitation
infiltrates to soils in 2004, a warmer year, and in 1976, a colder year, respectively. Under
warming conditions, DOC transported via overland flow does not show the expected10

decrease trend while the overland DOC yield shows a 4 % increase. The horizontal
subsurface flow only accounts for 1–2 % of total water flux, but transports 30–50 % of
DOC into rivers. Water flush due to water infiltration controls DOC transport. Snowmelt
plays a noticeable role in DOC flush-out and DOC transport significantly depends on
flowpaths in the study region. High soil temperature stimulates DOC production. The15

overland DOC export does not necessarily follow the DOC downward trend in surface
water transport. Overall, this study shows that DOC export behavior is complex un-
der changing temperature and hydrological conditions in cold-region watersheds. To
adequately quantify DOC dynamics in northern high latitudes, more DOC and hydro-
logical data are needed to better parameterize and test the developed model before20

extrapolating it to the region.

1 Introduction

Dynamics of dissolved organic carbon (DOC) are a critical, yet often neglected com-
ponent of the terrestrial carbon cycle. The significance of DOC has been stressed by
previous studies in many aspects, including its influence on nutrient cycling (Qualls and25

Haines, 1991; Michalzik and Matzner, 1999), its service as a microbial energy source
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(Baker et al., 2000; Raymond and Bauer, 2000) and its effects on pollutant transport
(Morris and Hargreaves, 1997). High latitude ecosystems, which store about one-third
of the global terrestrial organic carbon (Gorham, 1991; Moore, 2002), play a vital role in
determining the future terrestrial carbon cycle including DOC dynamics, under rapidly
changing climatic conditions. Dramatic changes have occurred in the arctic cryosphere,5

biosphere, and atmosphere (Hinzman et al., 2005; Serreze et al., 2000), resulting in
higher DOC concentrations in the Arctic rivers in comparison with other major river
basins on the globe (Lobbes et al., 2000; Raymond et al., 2007), and the DOC flux is
expected to increase in the future (Freeman et al., 2001; Tranvik and Jansson, 2002).

While the important role of DOC in regulating C transport from terrestrial ecosystems10

to river systems is acknowledged, the production, loss, stabilization and release of
DOC, and the interaction of these processes with external environmental variables,
are still not well understood. Sorption and desorption processes are widely believed to
be the dominant controlling mechanisms for DOC transport through solid soil matrices
(Quails and Haines, 1992a, b). Soluble DOC may be lost in sorption process or as15

a result of microbial mineralization, and DOC sorbed to the soil column may rejoin water
during desorption process or transformed into CO2 via degradation. At a drainage basin
scale, more hydrological, land cover, catchment characteristics and soil thermal factors
should also be considered in quantifying DOC patterns in stream flow. The location and
distribution of flow pathways and residence times of water are among those controls20

to be considered. When watersheds are in low-flow periods, predominant subsurface
flows usually have low DOC concentrations presumably due to their relatively deep
flowpaths in mineral layers. Rainfall and snowmelt events shift DOC transport from
subsurface to surface-water system. Rising water table and increasing flow flush the
DOC-rich superficial soil water to the stream channels (Hornberger et al., 1994; Dutta25

et al., 2006).
The DOC export from northern high latitude ecosystems has more variations due to

spring snowmelt, increasing temperature, and associated permafrost thawing (Ågren
et al., 2010). A large portion of the annual DOC delivery into high northern latitude
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rivers occurs during the spring flush (Dittmar and Kattner, 2003; Raymond et al., 2007;
Holmes et al., 2008), and the main DOC source during this relatively short period is
surface litter and organic matter from shallow soil layers. Meanwhile, a warmer and
wetter condition is thought to stimulate microbial activity, potentially increasing DOC
production (Moore et al., 1998). In contrast, Striegl et al. (2005) suggested that the5

thawing of frozen soils increases the thickness of the active layer and promotes more
flow pathways below organic-rich soil layers, which in turn leads to less terrestrial DOC
yield under warming trends.

To investigate the controlling factors for DOC export, several DOC models have been
developed (e.g., Neff and Asner, 2001; Michalzik et al., 2003; Fan et al., 2010; Xu and10

Saiers, 2010; Mei et al., 2012). However, most of them are one-dimensional (1-D) mod-
els that are only applied to soil columns under laboratory environment, not field con-
ditions. The 2-dimesional (2-D) overland and subsurface transport processes, which
are important in DOC transport on a watershed-scale, are usually not considered. The
DOC models (Boyer et al., 1996, 2000; Futter et al., 2007; Yurova et al., 2008), which15

are incorporated with more hydrological and biological processes, have been success-
fully applied at catchment scales. However none of them has fully addressed the effects
of soil thermal regimes on DOC dynamics, thus may not be suitable for northern high
latitudes. The aim of this study is to develop a DOC model that is applicable for arc-
tic and subarctic watersheds. The model is then used to study the effects of climatic20

changes on the DOC dynamics in an Alaskan watershed.

2 Model description

The developed DOC modeling system fully considers the effects of frozen-soil thaw-
ing on DOC variation and explicitly treats 1-D and 2-D transport behaviors of DOC. It
contains four modules (Fig. 1) including: (1) land surface processes, (2) soil heat con-25

duction, (3) water infiltration; and (4) vegetation and DOC dynamics. The land surface
module calculates the water and energy balance at the ground surface at an hourly time
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step. It provides ground surface temperature, throughfall and snowmelt rates, which
are needed in the soil heat conduction and water infiltration modules. The soil heat and
water infiltration module then estimates the soil temperature profile, soil ice content
and water infiltration rate by solving soil thermal and moisture equations. Finally, the
DOC production, sorption and desorption, mineralization and transport processes are5

modeled in the DOC dynamic module. Below we describe each module (also see the
detailed information in Supplement A).

2.1 Vegetation and land surface process module

The land surface process module (Fig. 1) integrates hydrological and energy processes
to simulate overland and channel flow dynamics, which drive the DOC horizontal trans-10

port. Precipitation is partitioned to rain and snow according to air temperature. Canopy
layer interception is a function of leaf area index (Dickinson et al., 1986). Snow accu-
mulation and melt are simulated when there is snow on the ground and snowfall. Snow-
pack is treated as a two-layer medium, and its accumulation and ablation is estimated
by solving mass and energy balance equations (Andreadis et al., 2009). The energy15

exchange on the snowpack is modeled based on the net radiation, sensible heat car-
ried by convection, heat advected by rainfall, evaporation, sublimation, condensation
and latent heat loss or gain due to melting and refreezing. Processes such as snow
accumulation and ablation, dynamics in the snow water equivalent, and meltwater yield
are represented in the mass balance equation. In the snow model, snow interception20

(Storck et al., 2002), atmospheric stability (Anderson, 1976; Tarboton et al., 1995) and
blowing snow (Bowling et al., 2004) processes are considered. Total evapotranspiration
is based on the Penman–Monteith equation (Monteith, 1990) and has three compo-
nents: (1) evaporation from bare soil, (2) evaporation from canopy and (3) transpiration
from canopy. The vegetation module (green section of Fig. 1) provides radiation and25

wind speed attenuation, architectural and stomatal resistance, and roughness length to
estimate snow and rain interception, evapotranspiration and root uptakes. It also pro-
vides the vegetation type information required in the DOC production estimation. The
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equations within the two modules are adopted from a large-scale hydrology model, the
variable infiltration capacity (VIC) model (Liang et al., 1994).

Rainfall could contribute to surface or subsurface hydrological systems through in-
filtration, which controls the pathway of DOC transport. In arctic regions, the soil ice
directly affects infiltration and heat conduction within the soil profile (Cherkauer and5

Lettenmaier, 1999, 2003; Cherkauer et al., 2003).

2.2 Soil heat conduction and water infiltration module

In cold regions, soil heat conduction is affected by liquid water and ice distribution; on
the other hand, infiltration and water movement in soils is also influenced by changes
of ice content. In this module, heat conduction and vertical water movement are re-10

solved at a 90 s time step. When infiltration occurs, the time step is adjusted to 1 s (red
section of Fig. 1). Here we made several assumptions: (1) ice is immovable and only
liquid water can move in frozen soils, (2) the influences of vapor transport on water
and heat conduction can be ignored, (3) liquid flows due to thermal gradients and heat
conduction by convection can be neglected; and (4) unfrozen water and the subzero15

temperatures of frozen soils are included in the dynamic equilibrium. Under these as-
sumptions, water movement and heat conduction only occurs in the vertical direction
and can be described with one-dimensional equations.

2.2.1 Vadose zone modeling

The one-dimensional Richards equation (Richards, 1931) is used to describe vertical20

water movement in both frozen and unfrozen soils:

∂θL(h)

∂t
+
ρI

ρL
· ∂θI(T )

∂t
=
∂
∂z

[
K (h) · ∂h

∂z
+K (h)

]
+S (1)

Where θL is volume liquid water content (L3 L−3), θI is volume ice content (L3 L−3),
t is time (T), K is hydraulic conductivity (LT−1), z is the spatial coordinate positive
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downward, ρI is the density of ice (ML−3) (931 kgm−3), ρL is the density of liquid water
(ML−3) (1000 kgm−3), h is the capillary-pressure head (L), T is the temperature (K),
and S is a sink/source term (T−1) due to groundwater movement (Sect. 2.4.2).

By defining:

θ = θL +
ρI

ρL
·θI (2a)5

We have:
∂θ
∂t

=
∂
∂z

[
K (h) · ∂h

∂z
+K (h)

]
+S (2b)

Equation (2b) is numerically solved (Supplement B) by using fully implicit approxima-
tion and the discretization form proposed by Celia et al. (1990). The constant head
could be used as the upper boundary condition for Eq. (1) when overland exists; the10

amount of rainfall during no overland condition decided whether constant flux or no
flux should be used. Free drainage (Fluxbottom = Kbottom) and no flux (Fluxbottom = 0)
are the two common options for setting the lower boundary condition. We found the
free drainage resulted in too much leakage and no-flux bottom, on the other hand,
produced too much moisture in soil. Here we set the bottom flux is determined by15

Fluxbottom = ε ·Kbottom where 0 ≤ ε ≤ 1. In northern high latitudes, ε may increase due
to permafrost degradation (Lu and Zhuang, 2011). By comparing the simulated an-
nual flow to the measurements, we set ε as 0.21 and 0.43 for the simulations of 1976
and 2004, respectively. See the Supplement B for the detailed derivation and bound-
ary conditions setting. The relationships between (dθ

dh ), h, and K are proposed by van20

Genuchten (1980):




θ(h) = (θs−θr)

(1+(a·|h|)n′)m
′ +θr

K (h) = Ks

{(
1−(a·|h|)n

′−1
)(

1+(a·|h|)n
′)−m′

}2

(1+(a·|h|)n′)m
′/2

(3)
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Where θs, θr and Ks are saturated water content (L3 L−3), residual water content
(L3 L−3) and saturated hydraulic conductivity (LT−1), respectively; a, m′ and n′ are
model parameters, and are set as 0.0335, 0.5 and 2, respectively.

The presence of ice may significantly reduce water flow in the porous medium. The
scheme of Hansson et al. (2004) is used to address the ice effect. The hydraulic con-5

ductivity for the liquid water portion of the partially frozen soil, Kf is defined as:

Kf(h) = 10−ϕQ ·K (h) (4)

Where ϕ is the impedance factor (Lundin, 1990) and Q is the ratio of ice content to the
total (minus the residual) water content. ϕ is assumed to be 7.

2.2.2 Soil heat transfer10

The heat transfer in soils is modeled as:

∂(C′ · T )

∂t
−Lf ·ρI

∂θI

∂t
=
∂
∂z

(
λ
∂T
∂z

)
(5)

where T is the soil temperature (◦C) and the volumetric heat capacity of the soil, C′

(Jm−3 K−1) is defined as the weighted volumetric heat capacity of the soil (C′s), liquid
water (C′L) and ice (C′I ) phases, multiplied by their respective volumetric fractions:15

C′ = C′sθs +C
′
wθL +C

′
IθI (6)

and Lf is the volumetric latent heat of freezing (Jkg−1) (approximately 3.34×105).
ρI and θI are ice density and content, respectively. λ is soil thermal conductivity
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(Wm−1 K−1). Thermal conductivity is calculated with the method in Johansen (1975):

λ = (λsat − λdry) · λe (7a)

λsat =

{
0.5n · (7.7q2.01−q)1−n′′ unfrozen

0.5n · (7.7q2.01−q)1−n′′ ·0.269Wu frozen
(7b)

λdry =
0.17 ·γd +64.7

2700−0.947 ·γd
(7c)

λe =

{
logSr +1 unfrozen

Sr frozen
(7d)5

Where n′′ is the porosity, q is the quartz content, Wu is the fractional volume of unfrozen
water, γd is bulk density (kgm−3) and Sr is the fraction degree of saturation. In the above
soil thermal equation, the convection of sensible heat with flowing water and uptake
energy associated with root water uptake are not considered. The fraction of unfrozen
water is needed in order to estimate heat capacity C′ and soil thermal conductivity λ.10

The formula proposed by Flerchinger and Saxton (1989) is used:

W =W C
((

1
gϕe

)
·
(

Lf · T
T +273.16

))−BP

(8)

Where W is the liquid water content, W C is the maximum water content, g is acceler-
ation due to gravity, ϕe is the air entry potential and BP is the pore-size distribution.
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Similarly, the fully implicit discretization form (Hansson et al., 2004) for Eq. (5) is:

C′n+1,m
i ·

T n+1,m+1
i − T ni

∆t
−

Lf ·ρI ·

(
dθI

dT

)n+1,m

i
·
T n+1,m+1
i − T n+1,m

i

∆t




−Lf ·ρI

(θI)
n+1,m
i − (θI)

n
i

∆t
=

λn+1,m
i+1/2

·
(
T n+1,m+1
i+1 −T n+1,m+1

i
∆z

)
− λn+1,m

i−1/2
·
(
T n+1,m+1
i −T n+1,m+1

i−1
∆z

)

∆z
(9)

Where i , ∆z and T n denote the spatial location, node size and the approximate value
of T at the nth discrete time level, respectively, ∆t ≡ tn+1 − tn is the time step. dθI

dT is5

evaluated by Eq. (8). Because of the dependency of the apparent volumetric heat ca-
pacity (C′) and thermal conductivity (λ) on temperature, Eq. (9) is also highly nonlinear.
The same iteration scheme used for the above Richards equation is also used to lin-
earize the two nonlinear items, andm stands for iteration level. In Eq. (9), the subscripts
i−1/2 and i+1/2 represent the upper and lower grid interfaces, respectively. Hydraulic10

conductivity and soil thermal conductivity at grid interface is calculated using geometric
averaging. Equations (1) and (5) are coupled due to their mutual dependence on water
content, pressure heads and temperature. The lower boundary for Eq. (9) is set to zero
thermal flux. The upper boundary condition is set to the soil surface temperature (it
is iteratively solved by closing the surface energy balance) or snowpack temperature15

if snow exists. Supplement B lists the steps for setting these two types of boundary
conditions.

2.3 DOC module

A typical convection-dispersion equation is used to characterize the DOC transport
(Patankar, 1980). Three processes are considered in the DOC transport: (1) one di-20

mensional infiltration, (2) two-dimensional overland transport; and (3) two-dimensional
saturated subsurface flow transport (Fig. 1). Since most of current DOC measurements
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were acquired for very large regions, it is difficult to get the DOC-related parameters for
typical land cover types. In this study, we used the available data from previous stud-
ies to derive type-specific parameters for those types having no direct measurements
(Supplement C). The DOC desorption and microbial production processes are treated
as DOC sources, and sorption and mineralization processes are sink terms. Point pro-5

cesses including DOC production, mineralization, sorption and desorption processes
as well as DOC infiltration and two-dimensional DOC transport processes are detailed
below.

2.3.1 DOC production, mineralization, sorption and desorption

The equations in Yurova et al. (2008) are used to estimate the DOC production rate10

(mgg−1 h−1):

P = Pbasal ·Q
(T−Tbasal)/10
10 (10)

Panp = P ·Kanp (11)

Where Q10 is the increase in metabolic rates per 10 ◦C increase in soil temperature
(Table 1), and Tbasal is the reference temperature (20 ◦C in this study) when basal rates15

of DOC production Pbasal (mgg−1 h−1) are measured (Table 1). The fraction Kanp (Ta-
ble 1) is used to correct the anoxic rates of DOC production on the corresponding DOC
production rate (Panp) under aerobic conditions. Since DOC production is highly related
to the soil organic carbon pool, we use plant rooting depth to approximate soil organic
carbon distribution. The DOC production rate reduces 95 % (0.05 · Pbasal) at the depth20

which is not located in the organic layer.
Sorption and desorption are two key mechanisms regulating DOC stabilization and

release rates. Here soluble organic carbon includes dissolved (DOC) and potentially
soluble, but currently solid (PDOC). PDOC can exist as suspended particulates or in
soil surface and sediment. The total concentration of DOC (C′′′T ; gcm−3) can be calcu-25
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lated:

C′′′T = ρbS +θLC
′′′ (12)

Where ρb is the soil bulk density (gcm−3), S is the absorbed, potential dissolved or-
ganic carbon (PDOC) (fraction), θL is the volumetric moisture content (cm3 cm−3), and
C′′′ is the DOC concentration (gmL−1). The sorption and desorption processes be-5

tween DOC and PDOC are modeled similar to the two-region model in Fan et al. (2010).
The exchange between DOC and PDOC are represented by two schemes of sorp-
tion and desorption. One is instantaneous (PDOC1) and the other is kinetic or time-
dependent (PDOC2) (van Genuchten and Wagenet, 1989):

ρbS = ρbS1 +ρbS2 (13a)10

S1 = f KdC
′′′ (13b)

∂S2

∂t
=
a · Jw

Ksat

(
(1− f )KdC′′′ −S2

)
(13c)

where S1 and S2 are the PDOC1 and PDOC2 sorption or desorption, respectively. f
is the fraction of PDOC1 exchange sites. Kd is a linear partition coefficient between
the solid and aqueous phases (mLg−1). a is the maximum mass transfer coefficient15

(h−1). Jw is the water flux density (cmh−1). Ksat is the saturated hydraulic conductivity
(cmh−1).

There are three DOC or PDOC pools including DOC, PDOC1 and PDOC2. All of
them are subject to mineralization. The DOC and PDOC pools have the following min-
eralization rates (mgcm−3 h−1) (Yurova et al., 2008), respectively:20

MDOC =Mbasal ·Q
T−Tbasal

10

10 (14a)

MPDOC = K ·Mbasal ·Q
T−Tbasal

10

10 (14b)
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Tbasal is the reference rate (20 ◦C in this study) when basal rates ofMbasal (h−1) (Table 1)
are measured. Also, the microbial mineralization rate of PDOC is assumed to be only
1/6 (K , Table 1) of the normal decomposition rate. Soil temperature used in the DOC
production and mineralization is acquired by solving the soil heat transport equation
(Sect. 2.2.2). These DOC processes are illustrated in Fig. 2.5

2.3.2 DOC vertical movement

The vertical transport of DOC is modeled with the one-dimensional convection-
dispersion equation:

∂
(
θIC

′′′
I +θLC

′′′)

∂t
= −

∂
(
qC′′′

)

∂z
+
∂
(
θLD

∂C′′′

∂z

)

∂z
+ P ′ +M ′ +S ′ +R′ (15a)

D = Ddif + λ
′ ·
∣∣∣q
θ

∣∣∣ (15b)10

Where θI and θL are ice and liquid water content, respectively. t is the time (h), z is
the soil depth (cm), C′′′ is the DOC concentration (gmL−1), q is the vertical water flux
density (cmh−1), and D is the dispersion coefficient (cm2 h−1). C′′′I is the DOC “con-
centration” in ice (gmL−1). Ddif and λ′ are the molecular diffusion coefficient (cm2 h−1)
and dispersivity (cm), respectively (Table 1). P ′, M ′ and S ′ describe DOC production,15

mineralization and sorption/desorption (gcm−3 h−1) (Sect. 2.3.1 and Supplement D). R′

is the DOC transfer rate from soil surface to overland flow (Sect. 2.4.3). By comparing
Eq. (15) with Eq. (12), one may notice that we have assumed only DOC (θLC

′′′) can
move in soil and PDOC (ρbS) is attached on soil. In order to solve Eq. (15), it is neces-
sary to know θI, θL and q which are obtained from solutions to the soil thermal and the20

Richards equations (Sect. 2.2). The boundary conditions for Eq. (15) are the specified
fluxes, which are equal to the water flux times the DOC concentrations. Since DOC
vertical movement normally occurs with spring floods when convective flow dominates
infiltration, the overland DOC concentration can be used as the DOC concentration at
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the upper boundary; DOC concentration at bottom is set as that of the bottom node.
When freezing occurs, no mineralization, sorption, desorption, and transport of DOC
were assumed until ice melts. More detailed steps are given in the Supplement D.

2.4 Flow routing and DOC transport

Overland flow can occur when the water depth on the ground surface exceeds the de-5

pression storage (Julien et al., 1995). In this study, overland flow is estimated in two
dimensions using the continuity equation and the momentum equation with the diffu-
sive wave approximation method. Channel flow is simulated in one dimension using
the diffusive wave approximation method. The floodplain connection between overland
cells and channels is also implemented. Water can move from the overland plane to10

the channel or vice versa according to the channel bank height and water surface ele-
vation (Julien et al., 1995). Subsurface flow driven by the hydraulic gradient will enter
the river when the water table is higher than water surface in channels.

2.4.1 Overland and channel flow

The governing equations for overland flow routing are based on the Saint–Venant equa-15

tions of continuity and momentum. The full Saint–Venant equations can be simplified
by using the diffusive wave approximation (Singh, 1996) which assumes that the net
forces acting along the given axis of interest are zero with the continuity equation:

∂h
∂t

+
∂qx
∂x

+
∂qy
∂y

= 0 (16)

and the momentum equation:20

Sfx = Sox −
∂h′

∂x
(17a)

Sfy = Soy −
∂h′

∂y
(17b)
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Where h′ is the surface flow depth (L), t is time, qx and qy are the unit flow rate in the

x direction and y direction (L2 T−1), respectively. e is the total throughfall and snow melt
rate (LT−1), and Sfx,ySox,y are friction and bed slopes (unitless) in the x and y direction,
respectively. h′ is calculated in the infiltration module (Sect. 2.2.1). The flow resistance
must be determined by solving overland flow equations. Assuming that flow is turbulent5

and the Manning formulation (in S.I. units) can describe the resistance:

qx,y = ax,yh
′β (18a)

The Manning approximations for axy and β are:

ax,y =
S1/2

fx,y

n
(18b)

β =
5
3

(18c)10

Where n is the Manning’s overland roughness coefficient, which can by estimated from
the land-use map (Woolhiser, 1975).

The channel flow routing process is modeled with one-dimensional diffusive channel
flow equation (Julien and Saghafian, 1991), which is derived in a similar manner to its
two-dimensional overland counterpart with the exception that channel flow routing only15

happens in a finite space established for a given channel section. The one-dimensional
continuity relationship can be expressed with the following equation:

∂A
∂t

+
∂Q
∂X

= qin −qout (19)

Where A is the channel flow cross-section area (L2); Q is channel discharge (L3 T−1);
qin and qout are lateral inflow and outflow per unit length (L2 T−1), respectively. Fur-20

thermore, the flow within the channel is also assumed completely turbulent, and the
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Manning’s equation is used to estimate the channel discharge at a given time step:

Q =
1
n
AR

2
3 s

1
2

f (20)

Where R is the hydraulic radius (L); sf is the friction slope (unitless) and n is the Man-
ning roughness coefficient, respectively. Supplement E details the channel network
building.5

2.4.2 Saturated subsurface flow

The quasi- three-dimensional saturated subsurface flow model was used in this study.
Each simulation cell can exchange water with its four adjacent neighbors. Local hy-
draulic gradients are approximated by local surface slopes. Therefore, a given grid will
receive water from its upslope neighbors and discharge to its downslope neighbors.10

The subsurface routing method was not used for cells that contain perched water ta-
bles.

Under non-isothermal conditions, the effect of the ice layer on the subsurface flow
should be considered. We used the soil profile of the two neighboring cells in order to
illustrate our method (Fig. 3). The left column has one saturated zone whose thickness15

is H1, and its adjacent pixels shown in the right column may have four possible zones
within the location of H1: top unsaturated layer (Z1), frozen saturated layer (Z2), liquid
saturated layer (Z3) and bottom ice layer (Z4). One can deduce some relationships:
0 ≤ Z1 < H1, 0 ≤ Z2 < H1, 0 ≤ Z3 < H1, 0 ≤ Z4 < H1, Z1+Z2+Z3+Z4 = H1.

The rate (L3 T−1) of saturated subsurface flow from a specific cell to its down-gradient20

neighbors is modeled as:

Qi ,j ,d = Ki ,j ·D ·W ′ · s (21)

Where i , j are cell location indexes; d numbered from 0 to 7 represents directions
between a cell and its eight adjacent eight neighbors; Qi ,j ,d is the flow rate (L3/T) from
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cell i , j in the d direction and W ′ is the width of flow in the d direction (L); Ki ,j (LT−1)
is the transmissivity at cell i , j ; s is the slope gradient in the d direction and D is the
acquifer thickness (L).D is estimated according to the location of the unsaturated zones
in the neighbor cells, as well as the phase of the saturated layer under the unsaturated
zone. Specifically, for the left soil column in scenario A in Fig. 3, its negihour cell has5

one ice layer (Z2) under the unsaturated zone (Z1). In this case, the acquifer (D) has
its lower boundary at the top of Z2. In the scenario B, there is no Z2 layer. Thus, the
lower boundary of the acquifer (D) is located at the top of the bottom ice layer (Z4). If
there is no Z3 layer, the situation is similar to scenairo A. Finally, the acquifer thickness
is the same as H1 if there is no Z2, Z3, Z4 at all.10

2.4.3 Two-dimensional DOC transport

In the overland transport, DOC might be transported with the flow to a certain distance
from its production sites but then re-accumulate at this new point if overland flow is
not persistent enough for the DOC to reach a river channel. In surface overland DOC
transport, we only consider the advection process. For two-dimensional flow in the15

overland plane, a continuity (conservation of mass) equation can be written as:

∂(ρbS +θLC
′′′
ov)

∂t
=
∂(q′x ·C′′′TOV)

∂x
+
∂(q′y ·C′′′TOV)

∂y
+ P ′ −M ′ +R′ (22)

Where C′′′TOV is the total DOC (DOC and PDOC) concentration in overland flow (gmL−1),

C′′′ov is the DOC concentration in overland flow (gmL−1), t is the time, vector q {qx,qy }

is composed of overland flow flux density in the x and y direction (cms−1), P ′ and M ′20

are the microbial DOC production and mineralization rates (gmL−1 s−1), respectively
(Sect. 2.3.1). Similarly, Eq. (22) is still applicable for DOC transport in channels ex-
cept that its one-dimensional version is used. In overland DOC transport, we assumed
both DOC (θC) and PDOC (ρbS) are carried with water. For overland water, the soil
bulk density (ρb) is determined by the sediment concentration. In this study, we use25
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sediment concentration measured at the USGS gage station (USGS 15476000) to es-
timate the soil bulk density in overland flows (Supplement E). The DOC in soils may be
transferred to surface runoff water (R′), especially during periods of heavy rainfall or
snowmelt. The mass coefficient is related to a variety of hydrological factors including
rain intensity and duration, slope and soils:5

R′ = k′
[
c′′′(0)−C′′′ov

]
/∆z (23)

Where k′ is the transfer coefficient (cms−1) and c′′′(0) is the DOC concentration at the
soil surface. Equation (23) describes the rate-limited DOC transfer from the soil solution
to the overland flow which is driven by the concentration gradient across the film layer
that separates the stagnant soil solution and the moving overland flow (Wallach et al.,10

1988, 1989). The depth of the mixing zone (∆z) is normally very small (Zhang et al.,
1997) and it is assumed to be 2 cm in this study. By assuming that overland flow is
turbulent, we follow the method proposed by Wallach et al. (1989) to estimate k′:

k′ =
D′ ·n ·h′ 13 · J 1

2 ·ρL ·g
µ

(24)

Where D′ is the liquid diffusivity for DOC, n is the Manning roughness coefficient, h′15

is the overland water depth, J is the slope (fraction), ρL is the water density, g is the
gravitational acceleration and µ is the viscosity coefficient.

The DOC transport in the subsurface system is assumed to only occur with ground
water movement, and the dispersion effect, explained below, is not considered:

∂
(
θLC

′′′)

∂t
=
(−Qsx ·C′′′ −Qsy ·C′′′

)
/V (25)20

Where Qsx,Qsy are the saturated subsurface flow in the x and y directions (L3 T−1),
respectively, estimated using the Darcy’s law. V is the volume of one single simula-
tion grid (L3). The subsurface DOC production, mineralization and sorption/desorption
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processes are described in Sect. 2.3.2. We only considered the advection effect due
to subsurface flows in DOC subsurface 2-dimensional horizontal transport. The DOC
carried by subsurface flow will eventually reach a channel system when the water table
is higher than the water surface of the channels. The qx, qy , qsx and qsy terms in
Eqs. (22) and (25) are estimated by solving Eqs. (18) and (21).5

2.5 Validation

Soil parameters (Ds, Ws, b_infilt) controlling runoff, infiltration and baseflow were ad-
justed to make the simulated hydrography match the observation at the outlet of our
test watershed (see the Sect. 2.6). The comparison was documented in Supplement F.
Because DOC concentrations are often measured for large river basins, it is difficult10

to parameterize the model for specific ecosystem types based on those measure-
ments. Thus, we use the remotely-sensed DOC concentration data to parameterize
the DOCDM 1.0. First, following the empirically-based algorithms in Griffin et al. (2011),
the river DOC concentrations are estimated by using Landsat5 Thematic Mapper data
on 18 July 2003 and 8 May 2004, respectively. Second, we compare our modeled15

DOC with the satellite-based estimates. Since the DOCDM 1.0 provides DOC chan-
nel concentrations on each hour, the model outputs that are closest to the satellite
passing time are used for comparison. To spatially compare DOC concentrations from
Landsat with the model results, remotely-sensed DOC concentrations are averaged
into a 4 km resolution from the original 30 m (Supplement F).20

Although the remotely-sensed DOC concentrations are overall higher than those
from the simulation, the two datasets have a good relationship (Fig. 4; Supplement F),
suggesting that the DOCDM 1.0 can capture the general trend of the watershed-level
DOC yield. We are aware of that many parameters in the DOCDM 1.0 may introduce
uncertainties and remotely-sensed results are also suffered from cloud contamination,25

observing angel, and the parameters in their retrieve method. For example, the overes-
timates in streamflow may be one of the reasons that result in low DOC concentrations
in our simulations.
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2.6 Case study region

To test the DOCDM 1.0, we choose a watershed in the Yukon River Basin as a case
study (Fig. 5), The watershed is 6043 km2 in size and its hydrological unit code (HUC)
is 19040505. It is not significantly affected by the exterior stream sources and dom-
inated by boreal forest and shrubland. The rectangle with dark outline in Fig. 5 is5

the channel network built from the elevation data. Each pixel on the channel has
its own depth and width (not shown here). The land cover map is obtained from
the University of Maryland’s (UMD) 1 km Global Land Cover product (Hansen et al.,
2000). Soil parameters (Nijssen et al., 2001a, b) and vegetation parameters includ-
ing minimum stomatal resistance, albedo, and rooting depth are obtained from the10

VIC model website (http://www.hydro.washington.edu/Lettenmaier/Models/VIC/). The
atmosphere forcing data, including precipitation, wind speed, maximum and minimum
air temperature, used in the DOCDM 1.0 are acquired from NCEP reanalysis daily data
(http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surfaceflux.html). All
the input climate data originally have a daily time step and downscaled to an hourly15

time step using the MT-CLIM model (Kimball et al., 1997; Thornton et al., 1999) for the
inputs to our land surface process module that operates on a 1 h time step. We run the
DOCDM 1.0 for 1976 and 2004, which are the coldest and warmest years respectively
since 1948.

3 Results and discussion20

3.1 Point-level results

The location of our study pixel is denoted as the yellow point in Fig. 5. Its annual
average air temperature for 2004 is −4.1 ◦C, compared to −5.3 ◦C in 1976. Its aver-
age summer (June–August) air temperature is 13.2 and 9.7 ◦C, respectively (Fig. 6).
Its precipitation also shows an upward trend from 499.6 to 775.3 mmyr−1 during the25
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same period. The warmer and wetter condition led to thicker snow depth, earlier and
more snow melting and thus deeper overland flow depth. Infiltration started immedi-
ately following the onset of snow melting. The relatively low infiltration rate in June and
July was due to higher soil moisture and more incoming precipitation directly joined
overland flow.5

Soil temperature has increased (Fig. 7a) and active layer depth (ALD), the front of
no-ice zone in Fig. 7b, became deeper, from 150 to 200 cm. Ice content will reach
a peak at the beginning of snow melting when infiltration water refreezes at deeper soil
layers (Fig. 7b). Infiltration also increases (Fig. 6e), possibly due to increasing water
conductivity and deepening ALD. The DOC concentrations in liquid water (Fig. 7c)10

were accumulated around rooting zones in winter. Due to a deep snowpack, minimum
vertical infiltration made DOC concentrations increase at a low rate. The relatively high
surface (0–10 cm) soil temperature (−7.47 ◦C in 2004 vs. −8.94 ◦C in 1976) resulted in
high DOC production in 2004. The DOC distribution in soils generally follows the rooting
depth with low concentrations at mineral soil layers due to a limited amount of organic15

matter to support DOC production. When snow melts, DOC-enriched interstitial water
in soils would be dramatically flushed out due to large vertical infiltration flow. Although
warmer soils in summer may foster more DOC, the transfer into overland flow and
also infiltration events largely kept DOC at a low level in soil profile. Since liquid water
content is very low in winter, thus high DOC concentrations do not necessarily mean20

large DOC production (Fig. 7c). In contrast, there are three characteristics for DOC
dynamics in summer: (1) high DOC production, (2) high DOC transport, and (3) low
DOC concentrations in soils.

3.2 Watershed level results

The initial overland flow occurred on 8 June and 26 May in 1976 and 2004, respec-25

tively. The overland flow depths in three days after the initial overland events are shown
(Fig. 8a and b). Overland flow depth was larger in 2004 than that in 1976. Also note
that overland flow had a very shallow depth at nodes that contain slopes and channels.
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It suggests that temperature, precipitation and catchment topography are the main fac-
tors controlling temporal and spatial trend of overland flow. The warming trend makes
snow melting earlier. Deeper snowpack due to more precipitation results in higher over-
land flow. Pixels have channels or steep slopes have higher routing capacity and thus
lower overland flow depth.5

The DOC concentrations in overland flow on those two days were presented in
Fig. 8c and d. Although more DOC stored during the winter of 2004 (Fig. 7c), more
overland flow in 2004 diluted its DOC concentrations. Analysis for DOC concentrations
in overland flow, land cover, and DEM (Fig. 5) shows that the different land cover types
contributed differently to DOC concentrations. Specifically, the higher concentrations10

in downstream forests area suggested that forestland might have released more DOC
into overland flow. On the other hand, shrubs disturbed at the upstream part of the
watershed yielded less DOC. Many lines of evidence show that the rate of DOC pro-
duction correlates well with the organic matter content in soils (Michalzik et al., 1999;
Neff and Asner, 2001; Yurova et al., 2008). In the DOCDM 1.0, rooting depth is used to15

determine the amount of soil organic matter. Therefore, woody vegetation with deeper
root has more DOC production than those with shallow root, such as shrubs and grass.
The spatial pattern of overland DOC also indicated that topography is another impor-
tant factor to consider. Pixels with larger compound topographic index (not shown),
which is used to quantify the water convergence, tend to have higher DOC concentra-20

tions in the overland flow. The steep slopes make short ponding time, implying short
contact time with organic-rich surface soil horizon, thus less soil DOC is transferred
to overland flow. Meanwhile, flat areas will result in water-logged, thus anaerobic con-
ditions that slow mineralization process, resulting in more DOC to be extracted from
soils. No flush events before snow melt make a slow DOC accumulation in soils during25

winter. The maximum DOC concentration usually occures at the very beginning of the
spring flood (See Fig. 8e and f) when long-term stored DOC is initially flushed. Since
DOC is mainly distributed in surface soils and snow melting dominates overland water
flow, more than half of annual DOC export is delievered during a brief snowmelt period
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(around 4–7 weeks). After snow melting, rainfall barely resulted in overland events and
its DOC concentration is low for the study region.

3.3 DOC trend and its environment factors

In the DOCDM 1.0, DOC can leave the watershed from three sources: overland (O),
subsurface (S) and soil bottom (B). Water can be further removed by evapotranspi-5

ration (ET) in addition to the above three pathways. Water and DOC in overland and
subsurface flow first route to channel and then to the river outlet eventually. Water and
solute leak from soil bottom will enter the deeper ground layer and may reroute into
channel system later. The groundwater in this study refers to both subsurface flow and
bottom flow. Here we analyze how water and DOC distribute via those three pathways10

under changing environment conditions.
We define the annual infiltration ratio as the infiltration to precipitation in a given

year. The higher infiltration ratio suggests the more dominant role of the groundwater
system. Our simulations showed that the ratio increased from 0.27 to 0.42 during the
study period (Fig. 9a). In other words, rainfall and snowmelt water have a larger ten-15

dency to join the subsurface, mainly due to increasing air temperature and deepening
active layer (Fig. 7). Degrading permafrost increases hydrologic conductivity in soils,
facilitating water infiltration.

Despite the increased groundwater, the ratio of overland DOC yield, defined as
DOCO/(DOCO +DOCS +DOCB), yet increased from 0.33 to 0.37 (Fig. 9b). The trend20

is out of expectation considering the decreasing role of surface transport (Fig. 9a). We
believe that increasing soil temperature has two opposite effects on DOC yield. On the
one hand, thawing soil makes less surface flow as shown above; on the other hand, in-
creasing DOC production associated with higher soil temperature maintains overland
flow as an important component in DOC transport. Although more water leaves the25

watershed from subsurface flow and bottom flow, relatively low soil temperature and
poor organic matter content in deeper soil layers did not result in high DOC production.
Therefore, DOC does not follow the recent warming trend. It is necessary to point out
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that the above analysis depends on land cover types: DOC export through overland
may have the similar decreasing trend on land covers with low organic matter content,
such as tundra and bare land, since they do not have enough substrate to support
DOC production even under warming conditions. These land covers unlikely have high
DOC production and the DOC export via different pathways would primarily follow the5

pattern of hydrological regime.
The percentages of water flow via overland flow, subsurface flow, bottom flow and

ET are shown in Fig. 9a. Decreasing ice due to warming led to increasing soil hydraulic
conductivity and increased water leak from soil bottom. The large leak subsequently
limited water supply to overland and subsurface flows. There was 43 % of water left10

the study region via belowground pathways in 2004, while the counterpart in 1976 was
only 30 %. Thawing fosters soil moisture, but deeper active layer depth and larger in-
filtration make more water storage in the depth below the rooting system. Thus, ET is
limited by moisture supply in shallow layers and low overland flow. As a result of these
water flows, the DOC delivered through subsurface and bottom flow decreased from15

68 to 61 %. The subsurface flow only took 1–2 % of the total water flux, but carried
30–50 % of DOC away. These dynamics are determined with two processes: (1) our
horizontal subsurface flow takes place in active layer in which roots are distributed and
have high DOC production. Therefore, subsurface flow usually has high DOC concen-
trations; and (2) the mixing zone in our model is set as 2 cm, which means overland20

flow can only extract DOC up to 2 cm depth in soils, thus the DOC in overland flow
is low. The deeper mixing zone may provide higher fraction in overland DOC trans-
port. From above analysis, flow volume is not the only factor to determine DOC yield;
the physical and biological condition along flowpath is also essential to be considered.
More water supplies to soil bottom will not conclusively indicate more DOC transport25

through groundwater movement.
We also listed the ratios of DOC sorption, mineralization and yield to DOC production

for 1976 and 2004 in Table 2. The DOC yield here refers to the amount of DOC leaving
the study watershed via both channel flow and bottom flow. Note that the DOC miner-

10434



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

alization here includes the decomposition of both DOC and absorbed DOC. The fact
that the absorbed DOC pool has ten times storage of the annual DOC production, sug-
gesting it is necessary to take the sorption and desorption into account. The increasing
soil moisture (liquid water) in the thawing months (May–September, not shown here)
from 1976 to 2004 reduced DOC production, while the ratio of DOC mineralization to5

its production changed from 2.32 to 1.64, suggesting that the warming stimulated DOC
production in soils. Meanwhile, the ratio of DOC yield to its production also showed
a decreasing trend. The thawing soil and the associated hydrological alteration actu-
ally slowed down the DOC transport, resulting in more DOC accumulated in soils.

4 Conclusions10

A catchment-scale DOC model is developed and applied for a watershed in Alaska.
DOC flux and concentrations are found to be closely coupled with hydrological dynam-
ics. We find that: (1) the snowmelt period (May–June) dominates the catchment’s DOC
export, (2) the permafrost thawing and enhancement in groundwater circulation con-
tribute to river discharge in arctic and subarctic basins, (3) permafrost-driven changes15

in subsurface flow paths and water fluxes influence the flux of DOC from terrestrial
to aquatic ecosystems; and (4) Increasing DOC production and more percolation wa-
ter are two counterbalanced mechanisms in affecting DOC fluxes and concentrations
under warming conditions. These dynamics might vary in different watersheds.

There are several limitations in this study. First, the initial condition of the model can20

induce uncertainty, especially when the simulation period is long. There is no avail-
able data as model initial conditions for large temporal scale simulations. Instead, in
this study, we first run the VIC model for 10 years to generate an initial state for the
DOCDM 1.0. This provides initial conditions for soil moisture and temperature. How-
ever, this may not be good way to get initial states for chemical-related variables. For25

instance, DOC, PDOC1 and PDOC2 are assumed to be zero at the beginning of the
simulation. Second, as we have mentioned early, the lower boundary condition for the
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water movement equation can significantly affect the hydrological dynamics, in turn,
solute simulations. However, a trustable lower boundary condition requires extensive
data for various variables. Third, parameters related to DOC production, mineraliza-
tion, sorption and desorption are uncertain, and might have contributed to simulation
uncertainty also. To improve parameterization, verify, and apply the model to the north-5

ern high latitudes in quantifying DOC dynamics, more data of DOC and its auxiliary
physical, chemical and biological factors for various watersheds will be needed.

5 The hardware and software requirements and limitations

DOCDM 1.0 is written in C++ language and can be run in both Microsoft Windows
and Linux environments. There is no special requirement for hardware and software10

to run DOCDM 1.0. All the input data can be readily acquired from internet. The main
shortcoming for DOCDM 1.0 is that it is only suitable for relatively small watersheds.
Because the lateral water transport is considered in DOCDM 1.0, memory should be
allocated to all grid cells at the beginning of simulation, which limits the size of study
watershed. In addition, since any given simulation grid cell requires the lateral flow from15

its neighbor cells, parallel computing is not easily to be implemented.

Code availability

The code is available under request for academic and non-commercial use. The code
is also archived in our lab website (http://www.eaps.purdue.edu/ebdl/).

The Supplement related to this article is available online at20

doi:10.5194/gmdd-8-10411-2015-supplement.
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Table 1. The parameters and constants used in models of DOC production, minearlization and
sortpion and desortion.

Symbol Value Units Description Source

Q10 1.7 – The effect of temperature on DOC production and
mineralization

Yurova et al. (2008)

Pbasal 0.4–2.4×10−3 mgg−1 h−1 Microbial DOC production at 20 ◦C Yurova et al. (2008) and
also see the Supple-
ment C

Mbasal 0.4×10−4 h−1 DOC mineralization rate at 20 ◦C Yurova et al. (2008)

f 0.317 – Fraction of exchange sites in equilibrium with the
type 1 PDOC

Fan et al. (2010)

Kd 0.136 mLg−1 The linear partition coefficient between the solid and
aqueous phases

Fan et al. (2010)

a 0.274 h−1 Maximum mass transfer coefficient Fan et al. (2010)

K 1/6 fraction The constant reducing the microbial mineralization
rate when the soluble DOC is sorbed

Kalbitz et al. (2005)

Kanp 0.07 – Ratio of anaerobic to aerobic DOC production Yurova et al. (2008)

Ddif 4.3×10−2 cm2 h−1 Molecular diffusion coefficient Karlstrom (1995)

λ′ 10 cm Dispersivity Reeve et al. (2001)
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Table 2. The ratios of DOC prodction to its sorption, mineralization and transport in 1976 and
2004.

Ratios 1976 2004

DOCproduction

DOCsorption
8.68 % 5.25 %

DOCproduction

DOCmineralization
42.92 % 60.95 %

DOCproduction

DOCtransport
74.45 % 161.50 %
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Figure 1. DOCDM 1.0 framework of hydrology, vegetation and DOC dynamics. See Supple-
ment A for more details of description. The processes of DOC dynamics (yellow part) are further
illustrated in Fig. 2.
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Figure 2. Schematic diagram of the pools of soluble organic matter (DOC and PDOC) and
production, mineralization and adsorption and desorption processes (the yellow part in Fig. 1).
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Figure 3. The two scenarios for the saturated subsurface flow between adjacent neighbors.
Grey, blue and white represent ice, liquid saturated and unsaturated regions in soil column,
respectively. H1: saturated layer in soil column. Z1: possible top unsaturated layer. Z2: possible
ice layer. Z3: possible liquid saturated layer. Z4: possible bottom ice layer. D: effective acquifer
thickness.
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Figure 4. The DOC validation results for days of 18 July 2003 (a) and 5 August 2004 (b).
Numbers 1 and 2 stand for the satellite observation and simulations, respectively. The river
network and elevation are also displayed as background.
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Figure 5. The land cover map for the test watershed (HUC 19040405). The red star stands for
the river outlet and the red soild cicrle is the demonstration point. The resolution for this map is
1 km. The simulation grids (4 km in this study) with dark outline have the river channel in them.
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a
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d e f 

Figure 6. The model outputs on the demonstraion point in 1976 and 2004: (a) air temperaure
(b) precipitatin (c) snow depth (d) snowmelt (e) infiltration and (f) overland depth.

10451

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 a b c 

a b c

Figure 7. The model outputs in 1976 and 2004: (a) soil temperature (b) ice content and (c) DOC
concentration profile. The time step is one hour.
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(f)

Figure 8. The overland flow depth on 10 June 1976 (a), 27 May 2004 (b) and the DOC con-
centration in overland flow on the two days (c, d); the time is 12.00 a.m.
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Figure 9. The change of water (a) and DOC (b) infilatrion ratio and their transport pathways in
1976 and 2004.
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