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[11 Stream water concentrations of dissolved organic matter (DOM) exhibit large

temporal variations during precipitation on forested, headwater catchments. We present a
modeling framework appropriate for describing streamflow and event-driven export of DOM
from small, forested watersheds. Our model links parametrically simple formulations for
rainfall-runoff generation and soil water carbon dynamics. The rainfall-runoff formulation

is developed by modifying the catchment model of Kirchner (2009) to account for hysteresis
in the relationship between stream discharge and catchment water storage. Time series
computations of catchment water storage are used by the soil carbon model to approximate
the effects of leaching, adsorption, and mineralization on soil water DOM concentrations and
the export of DOM from the terrestrial reservoir to the stream. Our findings show that this
model is capable of reproducing hourly variations of stream discharge (ranging from 0.01 to
0.38 mm h™ ") and stream water DOM concentrations (ranging from 1.8 to 14 mg C L")
measured in a forested headwater stream in north central Massachusetts. Our analysis
highlights the strong linkage between soil carbon dynamics and hydrological processes that
govern catchment water storage and flow paths connecting the terrestrial system to the stream.
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1. Introduction

[2] Dissolved organic matter (DOM) that is present in
stream waters plays an important role in aquatic ecosystem
functioning and drinking water quality. DOM supplies
nutrients and energy for heterotrophic bacteria in surface
waters [Duarte and Prairie, 2005]. It forms complexes with
metals and organic contaminants, thereby affecting their
solubility, toxicity and transport properties [Dunnivant
et al., 1992; Guggenberger et al., 1994]. DOM also influen-
ces stream water pH [Bishop et al., 2000], affects light pen-
etration [Morris et al., 1995], and has implications to
drinking-water treatment owing to formation of carcino-
genic disinfection by-products through reactions with chlo-
rine and bromine [Chow et al., 2003].

[3] DOM concentrations in streams of forested, headwater
catchments exhibit considerable temporal variability. Across
base flow conditions, DOM concentrations vary over sea-
sonal time scales with stream waters often (but not always)
carrying higher concentrations of DOM during warm-
weather months and shortly after leaf litter fall [Hongve,
1999; Kohler et al., 2009]. Greater variations occur in
response to rainfall and snowmelt events, when DOM con-
centrations may increase several fold relative to base flow
levels [Easthouse et al., 1992; Buffam et al., 2001 ; McClain
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et al., 2003]. This relationship between stream discharge and
DOM concentrations implies that rainfall and snowmelt
events may dominate watershed export of DOM. Although
the role of hydrologic events in DOM export has not been
quantified extensively, a recent analysis of stream discharge
and DOM measurements from 30 forested watersheds in the
eastern United States revealed that, on average, 86% of the
DOM was exported during event flow conditions that consti-
tuted only 47% of the year [Raymond and Saiers, 2010].

[4] DOM in streams that drain forested, headwater catch-
ments is primarily derived from the terrestrial landscape
[Schiff et al., 1990; Brooks et al., 1999; Palmer et al.,
2001]. Consequently, stream water DOM concentrations
depend, in part, on biogeochemical processes that govern
varying rates of supply, mobilization, and retention of solu-
ble organic matter within above- and below-ground reser-
voirs of the terrestrial environment [Kalbitz et al., 2000;
Neff and Asner, 2001; Findlay and Sinsabaugh, 2002].
These biogeochemical processes are, in turn, coupled with
hydrological processes that govern the mixing of waters
between surface and subsurface flow paths that connect the
terrestrial system to the stream [Hagedorn et al., 2000;
McGlynn and McDonnell, 2003a; Inamdar et al., 2006;
Inamdar and Mitchell, 2007].

[s] The nonsteady nature of the hydrological and biogeo-
chemical processes leads to considerable fluctuations in
DOM concentrations between stream base flow and storm-
flow conditions in small, forested streams. Under base flow
conditions, stream water DOM concentrations are typically
low and comparatively stable [Hope et al., 1994; Mulhol-
land and Hill, 1997 ; Buffam et al., 2001], which are char-
acteristics commonly attributed to streamflow contributions
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from groundwater that has been depleted in organic matter
because of sorptive interactions with the soil matrix and
microbial mineralization [Chorover and Amistadi, 2001;
Michalzik et al., 2003]. With the onset of rainfall, downward
infiltrating water and rising groundwater dissolve soluble
soil organic matter and entrain microbial and root exudates
present within shallow soil horizons [Guggenberger et al.,
1998; Inamdar et al., 2004; Pacific et al., 2009; Austnes
et al., 2010]. The DOM-laden water is transmitted rapidly
toward the stream through permeable, near-surface flow
pathways that may gain greater connectivity with increasing
catchment wetness [McGlynn and McDonnell, 2003a]. The
event-induced increases in stream water DOM concentra-
tions are typically short-lived, with stream water DOM lev-
els declining around the time of the peak in discharge
hydrograph [Laudon et al., 2004a; Inamdar et al., 2006].
This pulse-like response suggests depletion of the organic
matter pool as shallow surface horizons are flushed by perco-
lating water [Boyer et al., 1997], or alternatively, that sub-
surface reservoirs with low levels of DOM contribute
proportionally more water to the stream over the later stages
of the stormflow hydrograph [Mulholland et al., 1990; Hood
et al., 2006]. If they are depleted by soil water flushing, ter-
restrial reserves of readily transportable DOM are replen-
ished by biogeochemical processes at time scales on the
order of hours to days, as punctuated increases in stream
water DOM concentrations occur across successive rainfall
events [Hood et al., 2006].

[6] Current conceptualizations of coupled streamflow and
DOM export processes have been formalized in mathemati-
cal models [Grieve, 1991; Hornberger et al., 1994; Boyer
et al., 1996; Canham et al., 2004; Futter et al., 2007;
Yurova et al., 2008; Jutras et al., 2011; Schelker et al.,
2011]. Few of these models, however, have been tested
against data suitable for illuminating the dynamics of event-
based DOM concentrations. A model proposed by
Hornberger et al. [1994] and advanced by Boyer et al.
[1996] linked TOPMODEL predictions of stream discharge
with a chemical-mixing algorithm that approximated stream
water DOM concentrations as the flow-weighted concentra-
tions of DOM within shallow and deep subsurface reservoirs.
Calculations of this model were found to be broadly consist-
ent with weekly measurements of DOM concentrations
made in a headwater stream near Montezuma, Colorado dur-
ing spring snowmelt. More recently, Futter et al. [2007]
developed a landscape-scale model of catchment carbon
processing and surface water DOM fluxes (INCA). Evalua-
tion of INCA against data collected from two Canadian
headwater streams showed that the model is capable of simu-
lating the intra-annual patterns of in-stream DOM concentra-
tions, but that it underestimates stream water DOM
concentrations during hydrologic events [Futter et al., 2007].

[7] Published research lays the foundation for simulating
stream water concentrations and fluxes of DOM, but pre-
dictive frameworks remain in their infancy and in need of
improvement. The primary objective of our own work is to
improve descriptions of the rapid changes in discharge and
DOM concentrations that occur in forested, headwater
streams during rainfall events. To accomplish this objec-
tive, we created a new model that links parametrically sim-
ple formulations for rainfall-runoff generation and soil
water carbon dynamics. The rainfall-runoff formulation is
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developed by modifying the catchment model of Kirchner
[2009] to account for hysteresis in the relationship between
stream discharge and catchment water storage. Temporal
changes in catchment water storage computed by the rain-
fall-runoff formulation are used by the soil water carbon
formulation to simulate how biogeochemical processes
change the stocks of terrestrial DOM that are flushed rapidly
to the stream during stormflow events and exported more
slowly from the catchment during base flow. Our findings
show that this model is capable of reproducing high tempo-
ral resolution measurements of stream discharge and DOM
concentrations made in a forested, headwater stream in
north central Massachusetts over a 70 day calibration period
that covered 8 stormflow events and over a monthlong vali-
dation period that covered five stormflow events.

2. Study Site and Data Collection
2.1.

[8] The study catchment is located in north central Mas-
sachusetts (42.5°N; 72°W) on the Prospect Hill tract of the
Harvard Forest Long-Term Ecological Research (LTER)
Site. This 24 ha headwater catchment is drained by the
upper reaches of a stream called Bigelow Brook (Figure 1).
Average annual temperature at the site is 8.5°C, and
monthly mean temperatures range from —7°C in January to
19°C in July [Currie et al., 1996]. Precipitation is dis-
tributed fairly evenly throughout the year and averages
1050 mm per year, with around 25% falling as snow
[Borken et al., 2006]. The snowpack covers the ground
intermittently from late December to early April.

[o] Topography of the site is characterized by moderate
relief, with land surface elevations ranging from 350 m at the
watershed outlet to 400 m near the watershed divides.
Ground surface slopes vary between 0% and 8% in the ripar-
ian zone and between 15% and 45% in the upland portions of
catchment. The study site is under a mixed, primary growth
stand with vegetation dominated by eastern hemlock (7suga
canadensis). Other tree species within the upland and riparian
zones include yellow birch (Betula alleghaniensis), American
beech (Fagus grandifolia), striped maple (Acer pensylvani-
cum), and red maple (Acer rubrum) [Collins et al., 2007].

[10] Soils here are generally rocky, well drained, and
derived from glacial till deposits and metamorphic bedrock
[Currie et al., 1996]. They are mapped as Montauk series
(coarse-loamy, mixed, mesic Typic Dystrochrepts) in the
riparian zone and as Lyman series (loamy, isotic, frigid
Lithic Haplorthods) in the upland by the USDA National
Cooperative Soil Survey. Depth to bedrock averages on the
order of 3 m and depends on the position along the hill-
slope. The soil profile contains well defined O and A hori-
zons with a pH of approximately 3.5, and subsoil horizons
with pH of 4.2-4.7 [Currie et al., 1996; Xu and Saiers,
2010]. The organic matter content of the topsoil on the toe
slope is reported to be 153 g C kg ™' [Xu and Saiers, 2010].

Site Description

2.2. Meteorological and Hydrological Data

[11] Our study uses field meteorological and streamflow
data that were collected as a part of the Harvard Forest LTER
study. An automatic Fisher Meteorological Station, posi-
tioned 1.5 km from the Bigelow Brook watershed, measured
air temperature, relative humidity, dew point, precipitation,
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Figure 1.

The Bigelow Brook study site within Harvard Forest in central Massachusetts. Instrumenta-

tion at the site includes a stream gauge (circle), groundwater wells (triangles), and a meteorological sta-

tion (hexagon).

global solar radiation, photosynthetically active radiation, net
radiation, barometric pressure, wind speed, and direction.
These observations were made at 15 min intervals. Average
daily soil temperatures at 10 cm depth were also recorded at
the meteorological station and used in this study. Stream dis-
charge at the watershed outlet was estimated at 15 min inter-
vals from stream stage measurements collected with an
automated water level recorder. For the analysis reported in
this work, the 15 min meteorological and stream discharge
data were aggregated to hourly sums. Two groundwater
wells constructed of 5 cm (inner diameter) PVC pipe were
installed within the watershed to measure water table eleva-
tion and to sample groundwater for chemical analysis. One
well was positioned at the toe slope approximately 13 m
from the stream, and the other well was positioned in the
upland approximately 26 m from the stream (Figure 1). The
toe slope well was installed to a depth of 3 m and bottomed
within the soil profile, while the upslope well was installed
to a depth of 5.4 m and penetrated roughly 3 m into bedrock.
Pressure transducers (Campbell® Scientific) were placed in
the wells and connected to an electronic data logger in order
to continuously monitor water table levels.

2.3. Stream Water DOM Data

[12] High temporal resolution estimates of stream water
DOM concentrations appropriate for resolving event-based

variability in DOM fluxes were obtained from measure-
ments of fluorescent dissolved organic matter (FDOM).
Published research indicates that a linear relationship exists
between FDOM measurements and DOM concentrations in
filtered or low-turbidity water samples [Saraceno et al.,
2009]. In this study, the FDOM readings were collected
using a Turner Designs Cyclops-7 colored dissolved or-
ganic matter (CDOM) fluorometer probe connected to a
Campbell CR-1000 data logger. The CDOM probe uses an
LED light source to excite DOM molecules with the peak
intensity at 370 nm and measures the intensity of fluores-
cence emission with a peak transmissivity at 470 nm. The
probe was placed near the stream discharge station in a
shaded location facing the direction of stream water flow
and cleaned monthly to avoid biofouling.

[13] A calibration curve was constructed to convert the
FDOM measurements to stream water DOM concentra-
tions. The DOM concentrations used for the calibration
curve were determined on water samples collected at high
frequency during select rainfall events and at longer inter-
vals under base flow conditions. All water samples were
kept on ice until filtration, and filtered through a rinsed
Millipore polycarbonate filter (0.22 micron pore size)
within 36 h of the time of sampling. DOM concentrations
were analyzed by combustion with a Shimadzu TOC-
VCSH analyzer. The calibration curve created by plotting
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DOM concentrations in the stream water samples against
FDOM measurements recorded in the field at correspond-
ing times was linear (R* = 0.95; p < 0.001) for DOM con-
centrations ranging from 0.5 mgCL ' to 22 mg C L™,

3. Model Formulation
3.1. Rainfall-Runoff Model

[14] Kirchner [2009] derived a single equation rainfall-
runoff model that links rainfall and evapotranspiration to
streamflow. This model, which we refer to as the Kirchner
model, is parsimonious in its structure and parameterization
yet describes stream discharge with equal or better success
than more highly parameterized models [Bathurst, 1986;
Polarski, 1997]. In developing the model, Kirchner [2009]
assumed that discharge could be interpreted as a single-
valued function of catchment water storage. Our initial anal-
ysis revealed that this assumption is not fully appropriate for
describing streamflow fluctuations within the Bigelow Brook
Watershed; therefore, we modified the approach of Kirchner
[2009] to account for hysteresis in the discharge-storage
relationship.

[15] The Kirchner model, like most physically based
models of catchment hydrology, is governed by the equa-
tion for the conservation of water mass:

ds
S =P-ET-0 (1)

where S is the total water storage in the catchment (mm), P
is the precipitation (mm h™"), ET is actual evapotranspira-
tion (mm h™'), and Q is the stream discharge (mm h™").
The four variables S, P, ET, and Q are functions of time
and considered to be averaged over the whole catchment. It
should be noted that S refers to the water stored within the
portion of the catchment that contributes to streamflow
generation and thus includes waters in both the saturated
and unsaturated zones.
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[16] Kirchner [2009] assumed that O depends solely on
S, such that

0=f(S). 2

This assumption is a valid approximation in many small
catchments [Laudon et al., 2004b; Kirchner, 2009; Majone
et al., 2010], but may be invalid if, for example, direct pre-
cipitation onto the stream or saturated excess overland flow
(“bypassing flow™) is a dominant component of discharge
[Kirchner, 2009]. The assumption expressed by (2) also
implies that hydraulic connectivity exists between the dy-
namical saturated and unsaturated storage zones of the catch-
ment [Teuling et al., 2010].

[17] If the storage-discharge relationship can be repre-
sented as a single-valued function, equation (2) is invertible
(i.e., S = f7'(Q)) and thus dQ/dS can be expressed as a
function of Q:

Lo r©=r()= g0 G)
where g(Q) quantifies the sensitivity of discharge to
changes in catchment storage and hence is referred to as
the catchment sensitivity function (Figure 2). Differentiat-
ing equation (2) with respect to time and substituting equa-
tions (1) and (3) into the result leads to a first-order
differential equation for describing the rate of change of
discharge (Q) with time:

g _dQ

= e(P—ET-0)=g(0)- (P-ET-0). (&)
Equation (4) is the key governing equation of the Kirchner
Model. Its integration yields the stream discharge hydro-
graph as influenced by temporal variations in precipitation
and evapotranspiration and the watershed’s characteristic
sensitivity function, dQ/dS.

70

S (mm)

Figure 2.

Single-valued discharge-storage relationship of the type used by Kirchner [2009] for stream-

discharge simulation. The slope of the curve, dQ/dS = g(Q), is referred to as the discharge sensitivity.
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[18] The sensitivity function depends, in some unknown
way, on watershed properties and must be inferred from
streamflow data through analysis of recession plots or time
series measurements of stream discharge. Kirchner [2009]
showed, for example, an expression for g(Q) as a quadratic
in logs is appropriate for quantifying discharge time series
for two streams that drain headwater catchments in Wales.
Teuling et al. [2010] tested the approach by Kirchner
[2009] using a piecewise linear sensitivity function in dou-
ble-log space and succeeded in simulating streamflow dy-
namics in the Swiss Rietholzbach catchment.

[19] In this work, we introduce a way to represent hyster-
esis in the O-S relationship that defines the sensitivity func-
tion. A hysteretic O-S relationship exhibits path dependence
such that stream discharge depends on the history of catch-
ment storage, in addition to the value of storage itself. Thus,
a single O-S curve that is characteristic of the catchment
does not exist, but instead a potentially infinite number of
curves exist that depend on whether the catchment is gain-
ing or losing water and on the past pattern of catchment
wetting and drying. Observations of QO-S hysteresis have
been widely reported [Kendall et al., 1999; Ewen and
Birkinshaw, 2007 ; Hrncir et al., 2010], although the mecha-
nisms responsible for this hysteretic behavior are difficult to
ascertain with certainty.

Beven [2006, p. 611] suggests that hysteresis in the storage-discharge
relationship is attributable to a number of factors including hystere-
sis in the small-scale matrix soil characteristics, the possibility of
changing vertical and downslope connectivities of flow pathways as
the soils dries and rewets, the possibility of by-passing of available
matrix storage by preferential flows and fingering during wetting,
the possibility of threshold effects in local flux storage relationships,
the development of inter-unit patterns of antecedent wetness, dynam-
ics of contributing areas, spatial structure in soil depths and perme-
abilities that might lead to perched saturation or other complex flow
pathways and the effects of routing delays within the unit.

[20] Hysteretic phenomena are observed in a many fields
of science and engineering and hence have been repre-
sented mathematically in numerous fashions [Bertotti and
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Mayergoyz, 2006; Beven, 2006; Ikhouane and Rodellar,
2007]. Within the earth sciences, considerable attention has
been devoted to accounting for hysteresis in the moisture
characteristic curves of soils, or, in other words, the rela-
tionship between capillary pressure (V) and volumetric
moisture (®). Parker and Lenhard [1987], for example,
presented a widely used approach for W-® hysteresis that
involves interpolation and scaling of measurements of a
soil’s primary imbibition and drainage curves. By general-
izing the approach of Parker and Lenhard [1987], we were
unable to account for O-S hysteresis appropriately within
the context of Kirchner Model. Instead, we adopted an al-
ternative approach that describes O-S hysteresis as a piece-
wise linear function.

[21] We approximate the (O-S relationship with three
piecewise linear segments that correspond to three different
stages of catchment wetting and drying (Figure 3). These
stages are (1) imbibition, when the catchment gains water in
response to rainfall; (2) fast-recession drainage, the period of
declining discharge and catchment water storage occurring
immediately after the peak in the stormflow hydrograph; and
(3) base flow recession drainage, which corresponds to peri-
ods of catchment water loss associated with stream base flow
conditions. Given that the three segments of the O-S relation-
ship are linear, the sensitivity function (i.e., slope) for each
segment is constant, such that

dQ

gQ)=m, —5=0 (5a)
) =my, <0, 0> 0u (5b)
g(Q) = Mpq, % < 07 Q < Qanc (SC)

where m;, my;, and m;, are the slopes of the O-S relation-
ship corresponding to catchment imbibition, fast-recession

0.25 T
nset onset
(S Qo)
0.2 T
% 0451 Imbibition |
= dQ/as =m, Fast-recession
o dQ/ds=m_,
0.1F _
0.05 _
nset  ~onset Baseflow-recession anc ’Qanc)
S7707) d/dS=m,
| | | | |
0 60 65 70 75 80 85
S (mm)

Figure 3. Schematic diagram of discharge sensitivity (dQ/dS) and the hysteretic O-S characteristic

curve for watershed wetting and drying.
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drainage, and base flow recession drainage, respectively
(Figure 3). The variable Q,,. is the value of stream dis-
charge that separates the fast-recession and base flow reces-
sion periods (Figure 3); it is not a constant, but depends on
the slopes of the piecewise linear segments and notably on
the history of modeled discharges:

onset _ nset nset
onset . Q./d i Qn_w
Ou™ —mpu | = g (6)
X Mpq

Qanc =

Mpg — Mgy

where 0" and Q}'j‘e’ are model-computed discharges at
the onset of the most recent periods of catchment imbibi-
tion and fast-recession drainage, respectively (Figure 3).

[22] The model computations of catchment water storage
(S) depend on the past trajectory and magnitude of O and
can be expressed in terms of the segment slopes of the
piecewise linear distribution function:

_ (onset onset d
ss, Qg o do o
m; Mpa dt
__ (onset onset onset __ onset
S—So:(Q med ) ”‘Qn; +Qfd m>Ql 7
tfd bd i (7b)
dQ
— > .
dt < 07 Q = Qﬂ"(«
d
S —So = Q/mpa, 7? <0, O<Oumc (7o)

where S is a reference storage level. Assignment of Sy is
generally arbitrary because the system’s bottom boundary
is rarely known in the field. We assign a value of zero to S,
for the simplicity of calculation in the present study.

[23] Equations (4)—(7) then describe the temporal vari-
ability in streamflow for the case in which the stream dis-
charge can be approximated as a piecewise linear function
of catchment water storage. We solved these equations
numerically using a variable-order routine (ODE]15s)
within MATLAB subject to the constraint that the initial
value of Q corresponded with a period of base flow reces-
sion. Running calculations of catchment inflows, outflows,
and storage showed that errors in the water mass balance
did not exceed 2% for any of the simulations reported in
this study.

[24] Numerical solution of the governing equations for
two hypothetical rainfall events illustrates the linkage
between the piecewise linear O-S function and the model-
computed hydrograph (Figure 4). During periods of catch-
ment imbibition (i.e., periods 1 and 4), the O-S relationship
is determined, in part, by its constant slope (m;,) and also by
stream discharge at the onset of imbibition (Q?"¢), which,
in turn, is influenced by history of wetting and drying
within the catchment. The relationship between O and S
during periods of fast recession (i.e., periods 2 and 5) is
similarly nonunique, reflecting the past trajectory of dis-
charge. During base flow recession (periods 3 and 6), the
O-S relationship is single valued and independent of histor-
ical changes in streamflow. Owing to its hysteretic nature,
the O-S relationship cannot be specified a priori, but rather
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Time S

Figure 4. Explanatory diagram for the Q-S hysteretic
relationship: (left) example hydrograph and (right) the cor-
responding time-evolving O-S relationship.

its appearance, though constrained by the slopes of its lin-
ear segments, is determined by past patterns of rainfall,
evapotranspiration, and streamflow.

3.2. Dissolved Organic Matter Mixing and Reaction
Model

[25] The purpose of the DOM model is to simulate tem-
poral changes in stream water DOM concentrations that
result from the export of carbon from the terrestrial land-
scape. A mass balance on DOM within the waters of the
terrestrial reservoir forms the basis of the model. We make
the simplifying assumption that the terrestrial reservoir is
well mixed with respect to DOM and hence DOM concen-
trations in stream water (C,,.) equal DOM concentrations in
the terrestrial reservoir (Cz,.,). The DOM model is coupled
to the rainfall-runoff model (see section 3.1) through catch-
ment water storage (), as the product of Cr,.; and S yields
the mass of DOM within the terrestrial reservoir.

[26] The rate of change of DOM mass within the terres-
trial reservoir reflects changes in catchment water storage
and associated biogeochemical processes, including disso-
lution and desorption reactions that generate DOM from
solid organic matter, adsorption and degradation of soil
water DOM, and flushing of DOM by rain water that is
routed through the catchment to stream. In its most general
form, the DOM mass balance equation can be expressed as

d(S ° CTre.v) d(S : CTr&\') d(S ° CTr@\')
R B = LE R e
dt total dt \fstrel dt slwrel
dS'Cres dSCres
L 95 Cre) 298 Cre) |
dt ads&deg dr \flush
(®)
. . d(S - Crye
Equation (8) approximates % , the temporal

change in the total mass of DOM within t{)ﬁé terrestrial res-
ervoir, as the sum of changes due to biogeochemical reac-
tions that govern the fast release (fstrel) and slow release
(siwrel) of DOM into the soil water, adsorption and degra-
dation reactions (ads&deg) that remove DOM from the soil
water, and soil water flushing (flush).

[27] We assume that DOM is released rapidly into the
soil water during precipitation events as infiltrating water
and a rising water table leach readily soluble organic matter
composed of leaf litter and freshly formed soil organic mat-
ter that lies near the land surface. Laboratory studies dem-
onstrate that DOM concentration leached from Harvard

6 0of 18



W05519

Forest topsoil can be as high as 110 mg C L™" at the onset
of a rainfall event, and the supply of readily leachable
DOM is not depleted throughout the course of 610 mm
rainfall [Xu and Saiers, 2010]. This release of DOM is pre-
cipitation driven and occurs in an ephemeral fashion when
stream discharge, and hence catchment storage, are ele-
vated above conditions that typify base flow. We treat
DOM generation from the readily soluble fraction of solid
organic matter as a linear, instantaneous (equilibrium) reac-
tion describable by

CTre.\* = Ors/ kp (9)
which leads to

d(S - Oy)
da

d(S : CTres)

1
7 Q > Qanc
dt \fstrel kl’

(10)

where O,, (mg C kg™ ') is the concentration of readily solu-
ble organic matter and &, (L kg™ ") is an equilibrium parti-
tion coefficient. If temporal changes in O, are small, which
may be the case for the relatively short (monthly) time
scales tested in this study [Boone, 1994], then dO,,/dt ~ 0
and equation (10) reduces to

d(S - Cryes) 1ds

=3 Q 2 Qanc
I

(11

where k; = k,/O,s. Consistent with our assumption that
fast generation of DOM is associated with periods of pre-
cipitation, equation (11) applies only under stormflow con-
ditions, when Q > Q,,.. Under base flow conditions, when
stream discharge and catchment water storage are low,
near-surface horizons that are rich in soluble organic matter
are disconnected from the stream and insufficiently wet to
support the rapid production of significant quantities soil
water DOM and thus

d(S ° CTres)

= ()’
dt \fstrel

9 < Qane- (12)

[28] The fast release of soil water DOM is accompanied
by a second modeled reaction that represents the influences
of mechanisms that govern slow, rate-limited generation of
soil water DOM. This generation may arise from dissolu-
tion reactions involving relatively old and more complex
soil organic matter, desorption of DOM from mineral-rich
soil horizons, and, perhaps, microbial and root exudation
[Kaiser and Zech, 1999; Munch et al., 2002; Yano et al.,
2004]. We lump these mechanisms and approximate their
contributions to the slow release of DOM by

d(S - Cryes)

dt = ksrS

slwrel

(13)

where k;, (mg C L™' h™') is a coefficient that quantifies
rate-limited (slow) release of DOM into the soil water.
Equation (13) implies that, in the absence of changes in
storage (i.e., dS/dt = 0), the rate of change in soil water
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DOM concentrations due to this lumped, kinetics reaction
is constant.

[20] DOM that is mobilized within the water of the ter-
restrial reservoir does not travel conservatively, but is sus-
ceptible to removal through adsorption and through
degradation reactions involving the soil microbial commu-
nity. We describe these processes as first-order kinetics
reactions, such that

d(S ° CTres)

dt = _kads CTresS - kdeg CTresS = _krem CTresS

ads&deg
(14)

where k. (hfl) and ko (hfl) are rate coefficients for the
adsorption and degradation of soil water DOM, respec-
tively, and £, (hfl), the rate coefficient for total soil
water DOM removal, equals the sum of k.4 and k.

[30] The final term of equation (8) accounts for the influ-
ence of hydrological processes on the carbon balance. It
describes changes in the terrestrial stores of organic carbon
that occur as soil water DOM is transported along subsur-
face pathways to the stream. Given our approximation that
the terrestrial reservoir is well mixed with respect to DOM
concentrations, the time rate of change in DOM mass due
to flushing of this reservoir is

d(S : CTreS)

= —0Cfyes
7 OCry,

\flush

(15)

where Q, the stream discharge, is computed as a function
of time by the rainfall-runoff model.

[31] Substitution of equations (11) — (15) into equation
(8) yields the complete form of the conservation of mass
statement that governs the DOM model:

d (S . CTres)
dt

1dS
==+ ker - krem ClyesS — QCTres~

= (16)
ki, d

total

By rearranging (16) and by recognizing that resident and
outflow DOM concentrations from the well-mixed terres-
trial reservoir are identical, the mass balance expression for
the DOM model can be expressed in terms of the temporal
derivative of stream water DOM concentrations (C,,):

ds
Z) /8

)

1
7 CTreS
K

d Cstr o dCT res
o dt

- <erS - krem CT resS - QCT yes T

Equation (17) includes three parameters that describe pro-
duction and consumption of soil water DOM: kl’,, kg, and
k,em- Values of these parameters quantify effective aver-
ages of equilibrium partitioning and reaction rates that vary
spatially throughout the watershed owing to heterogeneity
in watershed properties, such as soil texture, soil moisture,
and the composition of soil organic matter and soil water
DOM. The characteristics of DOM production and con-
sumption also exhibit temporal variation owing to the sensi-
tivity of these processes to changes in time-varying
properties, such as temperature and soil moisture. While the
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model coefficients could be expressed as functions of soil
temperature and catchment water storage (as a surrogate
for average soil moisture) as described, for example, by
Hornberger et al. [1994], Futter et al. [2007], and Yurova
et al. [2008], we tested a more parsimonious approach by
treating these coefficients as constants. This simplification
is likely inappropriate for simulation of watershed DOM
export for periods that extend over seasons, but may be suit-
able for resolving subdaily changes in stream water DOM
concentrations over intraseasonal time scales.

3.3. Model Calibration, Testing, and Goodness-of-Fit
Metrics

[32] Model execution requires time series estimates of
rainfall and actual evapotranspiration, as well as specifica-
tion of the model parameters that govern streamflow gener-
ation and production and consumption of DOM. Fifteen
minute interval rainfall data recorded at the rain gauge
located 1.5 km from Bigelow Brook (see section 2.2) were
used as catchment-averaged estimates of rainfall. Catchment-
averaged evapotranspiration (£7) was approximated at the
same temporal resolution by rescaling calculations of poten-
tial evapotranspiration (E7,) by an adjustable coefficient, kg,
such that ET = ETy" kg To compute ET, the meteorological
measurements described in section 2.2 were used in the Pen-
man-Monteith equation [Allen et al., 1998]. The ratio of ET
to ETj is sensitive to changes in soil wetness; therefore, our
specification of a single-valued kj reflects the assumption
that frequent rainfall during the study period maintained the
wetness of near-surface soils at levels sufficient to moderate
changes in evaporative stress.

[33] The parameters of the discharge sensitivity function
(i.e., m;, my, and my,) were estimated together with kg by
calibrating the model to stream discharge data collected
during October and November in 2010. Parameters for pro-
duction and consumption of DOM (i.e., k;;’ kg and ky.o,,)
were estimated by calibrating the model to data on stream
water DOM concentrations measured over the same 2
month period. In these inversions, a Levenberg-Marquadt
algorithm was used to find the values of parameters that
minimized the sum-of-squared-errors objective functions
for stream discharge and DOM concentrations. The calibrated
model was tested against data recorded outside the period of
calibration. This test involved using the parameters estimated
from calibration (without further adjustment) to simulate
stream discharge and DOM concentrations during October
2009. During both the calibration and verification periods, the
catchment gained water in response to multiple rainfall events
and thus comparison of measurements and model calculations
during these times enabled evaluation of the ability of the
model to reproduce storm event fluxes of DOC that dominate
the annual DOC export form the watershed.

[34] For both the inverse and forward simulations, the
overall goodness-of-model fit was assessed through calcu-
lation of the Nash-Sutcliffe efficiency (R*) [Nash and
Sutcliffe, 1970],

sy 2 (o m)’
R=1-C———7
> (o=o)

where o; and m; are the observed and modeled time series
values, respectively, and o is the mean of the observed

(18)
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values. Separate values of the R? were computed for the
simulations of stream discharge and stream water DOM
concentrations. We also quantified the agreement between
peak values of stream discharge and DOM concentration
measured during storm events and corresponding model-
simulated values. The goodness-of-peak fit was computed
as [Green and Stephenson, 1986]

1 & |P0i7Pmi|
GOP=1--3y =% _-m
n;: 7 (19)

1

where P,; and P,,; are the observed and modeled peak val-
ues of stream discharge or DOM concentration associated
with the ith storm event, respectively, and # is the total
number of storm events. The goodness-of-peak fit increases
with the value of GOP, such that a GOP value of unity cor-
responds to an exact match between measured and modeled
peak values. A third model fitness metric compares meas-
ured and modeled values for the volume of water (GOMy,)
and mass of DOM (GOM_) exported during storm events.
This metric is computed on the basis of the areas beneath
the storm event portions of the discharge hydrograph and
DOM chemograph, such that

E; E;
L ’ / Qudt — / Oyt
GOMy =1—--> | =& £

n‘—= Ei
= Q,dt
J B; i

E; E;
/ Qo Co dt — / Qm Cm dt
B; B;

- E’
= / 0,C,dt
B; i

where Q is discharge (mm h™"); C is stream water concen-
tration of DOM (mg C L™"); the subscripts o and m refer to
observed and modeled values, respectively, B; is the time
corresponding to the beginning of the ith storm event, E; is
the time corresponding to the end of the ith storm event,
and n is the number of storm events. The integral terms in
(20a) represent the cumulative volume of water exported
during storm event i, while the integral terms in (20b) rep-
resent the cumulative mass of DOM exported in storm
event i. GOM equals unity when the model describes obser-
vations of storm event water and DOM export exactly.

(20a)

n

1
GOMc =1-- (20b)

4. Results
4.1. Field Observations of Fall 2010

4.1.1. Rainfall-Runoff Characteristics

[35] We calibrated the model against data collected over a
2 month period spanning from October to November 2010
(Figure 5a). During this time, stream discharge varied between
0.01 and 0.38 mm h™', and eight stormflow events could be
discerned from the stream hydrograph. The rainfall-runoff ra-
tio was 0.23 for the entire period and ranged from 0.1-0.4 on a
storm event basis. Streamflow was generally flashy, respond-
ing quickly to precipitation and declining to base flow condi-
tions within two days after rainfall ceased. Although stream
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Figure 5. Field observations and model simulations for fall 2010: (a) measurements of precipitation
and stream discharge and calculations of stream discharge made with a version of the rainfall-runoff
model that accounts for O-S hysteresis and (b) measured stream water concentrations of dissolved or-
ganic matter (DOM) and those calculated with the model assuming constant k', k., and k,.,, (dashed
line) and temperature-dependent £, and k., (solid line).

discharge associated with base flow conditions increased grad-
ually throughout the 2 month period, it remained relatively
low at level less than 0.03 mmh ™.

4.1.2. Stream Water DOM Dynamics

[36] Storm event peaks in DOM concentration ranged
from 4.5 mg C L™' to 13.6 mg C L™ during the fall 2010
time period (Figure 5b). Peak stream water DOM concen-
trations were lower than DOM concentrations measured in
waters from the soil lysimeters (11 to 35 mg C L™"), but
were much higher than groundwater DOM concentrations
(1 £ 0.5 mg C L™"). The temporal variation of stream

water DOM qualitatively resembled the temporal changes
in discharge: DOM concentrations increased on the rising
limb of the hydrograph, reached a peak value within two
hours of peak discharge, and decreased on the falling limb
of the hydrograph, although at a slower rate than stream
discharge (Figures 5a and 5b). Concentrations of DOM
associated with base flow conditions decreased from 3.3
mg C L™" in early October to 1.8 mg C L' in early
December. The DOM mass exported during stormflow
comprised 77% of total DOM exported over the 2 month
time frame, while the mass exported during stream base
flow accounted for the remaining 23% of the total.
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4.2. Simulation of Streamflow: Calibration to Fall
2010 Data

[37] Initial analyses of the rainfall-runoff model involved
evaluating the appropriateness of single-valued (nonhyste-
retic) functions of discharge sensitivity (g(Q)) for approxi-
mating time series measurements of streamflow. Several
single-valued g(Q) functions were tested, including a
power law relationship; piecewise linear functions; piece-
wise linear-in-logs functions; and the quadratic-in-logs func-
tion as employed by Kirchner [2009] to describe streamflow
within headwater catchments of mid-Wales. Versions of the
rainfall-runoff formulation that incorporated the nonhyste-
retic g(Q) functions reproduced the timing and, in some
cases, the magnitude of peak flows during rainfall events,
but consistently underestimated the rate of hydrograph reces-
sion. The overall model data mismatch was considerable,
such that computations of the Nash-Sutcliffe efficiency (R?)
did not exceed 0.05 for any of the single-valued g(Q) func-
tions tested. One interpretation for the poor agreement
between measured and modeled discharge is that rate of
change of discharge with catchment water storage is greater
during catchment drainage than catchment imbibition.

[38] Accounting for hysteresis in the g(Q) function by
using equations (5)—(7) in the rainfall-runoff model improved
agreement between simulated and observed stream dis-
charges substantially (Figure 5a). Although this version of
the model fails to capture all the variation in the measured
discharge hydrograph, the R* value for the model fit equals
0.7 and is at least fourteenfold greater than R? values associ-
ated with simulations that did not account for O-S hysteresis.
Furthermore, the indices that quantify the goodness of model
description of storm event peak discharges and export vol-
umes exceed 0.75 (Table 1). The model solution also
matches the rate of discharge recession to base flow, which
is the characteristic of the observed hydrograph most poorly
described by forms of the model governed by single-valued
O-S functions.

[39] The model inversion involved adjusting the parame-
ters of the O-S relationship to match the stream hydrograph
data. The best fit estimates of m;, the discharge sensitivity
during imbibition, is approximately an order of magnitude
less than myy, the discharge sensitivity during fast-recession
drainage (Table 1), demonstrating the hysteretic nature of
the discharge-storage relationship for the Bigelow Brook

XUET AL.: SIMULATING STREAMFLOW AND EXPORT OF DOM

W05519

catchment. The value for m,,, the discharge sensitivity dur-
ing base flow drainage, is an order of magnitude smaller
than m;, indicating that, as discharge drops below a thresh-
old that approximates the return to base flow conditions
(i-e., Oune), streamflow becomes less sensitive to changes in
catchment water storage.

[40] Model computations of catchment water storage (5)
vary by 80 mm over the course of the 2 month simulation
(Figure 6). Catchment water storage rises rapidly upon the
onset of rainfall, and declines more gradually than stream dis-
charge following the cessation of rainfall. Although calcu-
lated S fluctuates considerably, an increasing trend is readily
apparent, indicating that the catchment gains water during the
simulation time frame. The temporal patterns of simulated
storage mimic water table fluctuations measured in the toe
slope groundwater well, but exhibit greater amplitude than
water table fluctuations recorded in the upland well (compare
Figures 6a and 6b). The similarity between modeled results
and those measured in the toe slope well suggest that the
modeled S is realistic; however, close reproduction of obser-
vations should not be expected because the simulated results
represent some catchment-averaged storage, while the well
measurements correspond to points within the catchment.

[41] The time-evolving O-S relationship (Figure 7) illus-
trates how a specific value of S may be associated with various
values of Q. Hysteresis occurs in a clockwise direction such
that discharge during catchment wetting is larger than that
during catchment drainage for the same level of water storage
S. The slope of the O-S relationship is much steeper on the
fast recession limb than the rising limb. For separate rainfall
events, the O-S loops are triangles that “slide” along and
above the single-valued line for the base flow O-S relation-
ship. The positions of the triangles depend on the initial water
storage at the onset of imbibition, and the sizes of the triangles
are determined by the magnitude of the precipitation event.

4.3. Simulation of Stream Water DOM Dynamics :
Calibration to Fall 2010 Data

[42] The agreement between the model-simulated results
and the high temporal resolution measurements of stream
water DOM concentrations is reasonably good (Figure 5b,
dashed line and symbols). The R* for the overall goodness
of model fit to the data equals 0.73. Calculations of GOP¢
and GOM reveal that the model approximates the peak

Table 1. Best Fit Parameter Values, Standard Errors (SE) of the Parameter Estimates, and Values of Goodness-of-Fit Indices

Rainfall-Runoff Model DOM Model
Parameters Best Fit Values SE Parameters Best Fit Values SE
m; (h™") 7x 1073 9x 107" k, (LmgC™") 0.0345 0.6 x 107*
mg (h™") 0.1 0.003 kg (mg CL™'h™h) 0.0923 0.6 x 107*
mpg (W1 3x 1074 5% 107° Ko (W71 0.0390 0.7 x 107*
ke 0.81 0.03
Rainfall-Runoff Model DOM Model

Calibration Test Calibration Test
Goodness of Fit Oct—Nov 2010 Oct 2009 Oct—Nov 2010 Oct 2009
R? 0.70 0.60 0.73 0.76
GOP 0.81 0.83 0.84 0.78
GOM 0.78 0.62 0.72 0.75
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values of DOM concentration that occur during rainfall
events and storm event mass export of DOM with good
success (Table 1). The largest discrepancy between modeled
and observed results are associated with the period of base
flow recession, when the model slightly underestimates
stream water DOM concentrations during the early stages of
the simulation and overestimates DOM stream water concen-
trations during the later stages of the simulation.

[43] The values of kz’,, k., and k,.,,, associated with the best
model fit to stream water DOM data are 0.034 L mg C ™!,
0.092mg CL~"h™', and 0.039 h™", respectively (Table 1).
Conditional simulations show that k’f, which governs rapid
dissolution of a readily soluble organic matter, controls the
magnitude of the peaks in DOM concentration that occur
during rainfall (Figure 8a). The coefficients that govern rate-
limited DOM production (k) and consumption (k,.,,) exert
comparatively little influence on the model solution during
periods in which stream water DOM concentrations change
rapidly, but are important in regulating stream water DOM
concentrations during periods of stream base flow (Figures
8b and 8c). As rainfall occurs frequently throughout the
simulation time frame, periods of uninterrupted base flow are
short, typically lasting less than 10 days. If base flow condi-
tions were sustained for greater periods of time (owing to the
absence of rainfall), stream water DOC concentrations would
vary smoothly with gradually declining catchment water
storage and with a rate of change governed by the competing
kinetics processes of DOC release (as quantified by £,) and
DOC removal (as quantified by £,.,,,).

4.4. Testing the Calibrated Model Against Fall 2009
Data

[44] Using parameters estimated from the 2010 calibra-
tion period, the model captures much of the temporal varia-
tions in stream discharge and DOM concentrations
recorded during fall 2009 (Figures 9a and 9b and Table 1).
The model mimics the timing of the rising limbs of the
storm event hydrographs and generally reproduces the
magnitude of the peak flows, but underestimates the vol-
ume of water exported from the watershed during the sec-
ond and last storm events of October 2009 (Figure 9a).
These discrepancies reflect, to some degree, deficiencies in
the structure of the rainfall-runoff formulation that arise
from our attempts to simplify complex hydrological proc-
esses. Inaccuracies in specification of rainfall amounts,
which were estimated from a rain gauge located 1.5 m out-
side of the watershed, may also contribute to the deviations
between measured and modeled discharge. The underestima-
tion of stream discharge during the second and last rainfall
events of October 2009 causes the model to underestimate
peak concentrations of stream water DOM during these
times (Figure 9b). Nevertheless, this mismatch is not sub-
stantial and occurs over a small portion of the simulation pe-
riod and hence the model captures nearly 80% of the
variation in the measured DOM data (Table 1).

5. Discussion
5.1.
[45] The reasonably good agreement between measured

and simulated stream discharges suggests that streamflow
dynamics at Bigelow Brook can be approximated by a

Streamflow Fluctuations
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model that uses observations of rainfall and evapotranspira-
tion as input into conservation-of-mass statement formu-
lated under the assumption that stream discharge is
function of catchment-averaged water storage. This
assumption has been employed extensively in published
research on rainfall-runoff estimation [Dooge, 1959; Lau-
renson, 1964 ; Rodriguez-Iturbe and Valdes, 1979; Wood-
ing, 1997], and was recently used by Kirchner [2009] as a
part of a novel approach that eliminates constraints on the
functional form of the QO-S relationship, allowing it to be
determined directly from the rainfall-runoff data for a par-
ticular catchment. The model presented here builds on the
approach of Kirchner [2009] by introducing a hysteretic O-
S function. Hysteresis in the relationship between Q and S
has been observed in many, but certainly not all, headwater
catchments [Myrabo, 1997 ; Kendall et al., 1999 ; Norbiato
and Borga, 2008 ; Graham et al., 2010], and our analysis
revealed that its consideration was necessary to reproduce
measured streamflow fluctuations within the Bigelow
Brook watershed.

[46] We adopted a three-segment, piecewise linear func-
tion to describe hysteresis in the O-S relationship and esti-
mated the slopes of these linear segments through model
calibration. Although application of this piecewise linear
function does not restrict the direction of hysteresis, the
best fit parameterization for Bigelow Brook indicated that
0O-S hysteresis was clockwise. This clockwise hysteresis
mirrors observations from several watersheds, including
the HJA experimental forest watershed in the western Cas-
cades, Oregon [Graham et al., 2010], and Sleepers River
research watershed in northeastern Vermont [McDonnell
et al., 1998]. Some watersheds, in contrast, exhibit counter-
clockwise hysteresis such that stream discharge for a given
catchment storage is greater during catchment drainage
than imbibition [e.g., Hrncir et al., 2010]. This range in
watershed response behaviors poses a challenge to stream-
flow prediction and reflects differences in catchment geol-
ogy, topography, geomorphology, and climate, which, in
turn, lead to differences in the primary mechanisms of sur-
face and subsurface runoff and the way they contribute to
streamflow.

[47] The hysteretic function used for simulating stream-
flow fluctuations at Bigelow Brook is simple, particularly
with respect to representation of the O-S relationship for
catchment imbibition. According to the formulation, the
discharge response to increases in catchment storage is
linear (as quantified by m;) and independent of the amount
of water held in storage at the onset of a rainfall event.
This relationship is not universally applicable and its
appropriateness here may be attributable to the moderate
variations in catchment storage that occurred during the 2
month simulation. Rainfall during this period totaled 225
mm and was distributed over eight storms, inducing a 100
mm range in catchment-averaged water storage (Figure
6a). Over a greater range in storage, nonlinearity and sen-
sitivity to antecedent wetness may emerge as defining
characteristics of the O-S relationship for imbibition of
the Bigelow Brook Watershed. While not observed in this
work, these complicating factors have been reported in
other studies of runoff formation [Harman and Sivapalan,
2009; Spence et al., 2010; Teuling et al., 2010; Ajami
et al., 2011], and could be accounted for in the present
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Figure 9. Field observations and model simulations for fall 2009: (a) measurements of precipitation
and stream discharge and model calculations of stream discharge and (b) measurements and model cal-

culations of stream water DOM concentrations.

model framework by replacing equations (5)—(7) with al-
ternative formulations.

[48] The slopes of the linear segments of the O-S func-
tion define the storage rate of change in discharge and
hence can be viewed as the efficiency in which the water-
shed coverts changes in terrestrial water storage to changes
in stream discharge [Spence, 2007]. The segment slopes of
the best fit O-S function for Bigelow Brook equal 7 x 10~°
and 3 x 10~* h™! for imbibition and base flow drainage,
respectively, indicating that the catchment is 23 times more
efficient in transmitting water to the stream during periods
of rainfall than during periods of stream base flow.
Between catchment imbibition and base flow discharge
drops precipitously for an incremental change in catchment
storage (Figure 7), which is suggestive of threshold type or
a switching behavior [Tromp-van Meerveld and McDon-
nell, 2006; O’Kane and Flynn, 2007 ; Zehe and Sivapalan,
2009; Detty and McGuire, 2010].

[49] Consideration of the overall characteristics of the
best fit O-S function in light of published interpretations of
rainfall-runoff processes [Devito et al., 1996; Jencso et al.,
2009 ; McGuire and McDonnell, 2010; Spence et al., 2010]

seems to imply that streamflow fluctuations at Bigelow
Brook are governed by changes in the connectivity of
subsurface flow paths, which, in turn, are regulated by var-
iations in the amount of water stored within the catchment.
At Bigelow Brook, increases in storage that occur follow-
ing the onset of precipitation must promote the connection
of shallow subsurface flow paths with relatively high per-
meability. These flow paths gain connectivity quickly and
thus are likely to form in riparian areas that drain conver-
gent portions of the catchment’s hill slopes and that remain
on the verge of saturation or are prone to perched satura-
tion. It is the transmission of water through the shallow,
near-streamflow paths that dominate stream quick flow
response to rainfall. Only a fraction of the incident rain-
water is conducted through shallow, near-streamflow paths
and to the stream and hence catchment-averaged storage
increases throughout the rainfall event. Upon the cessation
of rainfall, incremental reductions in watershed storage
lead to a loss in the lateral connectivity of permeable, shal-
low flow paths, causing stream discharge to drop precipi-
tously as flow toward the stream is relegated to deeper
subsurface flow paths that transmit water more slowly. This
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cycle is completed and the formation a new hysteresis loop
begins with the onset of the next rainfall event.

5.2. Stream Water DOM Dynamics

[s50] Models for quantifying the concentrations and
fluxes of DOM from land to streams vary from simple
regressions [Creed et al., 2008 ; Agren et al., 2010] to more
elaborate process-based formulations [Grieve, 1991; Horn-
berger et al., 1994; Boyer et al., 1996; Canham et al.,
2004 ; Futter et al., 2007 ; Yurova et al., 2008 ; Jutras et al.,
2011; Schelker et al., 2011]. In all the process-based mod-
els, including the one presented in this study, the dynamics
of DOM are governed by production, consumption, reten-
tion, and leaching. The models differ, however, by number
of pools and forms of terrestrial carbon considered; the
level of detail use to simulate the amounts and transforma-
tions of carbon; and the way in which carbon biogeochem-
istry is coupled to hydrologic routing. Our model is
comparable in the level of structural and parametric com-
plexity to those developed by Grieve [1991], Hornberger
et al. [1994], and Boyer et al. [1996], but treats terrestrial
carbon biogeochemistry at a much lower level of detail
than INCA-C [Futter et al., 2007] and published ecosystem
and soil carbon models, including DyDOC [Michalzik et al.,
2003] and the DOC synthesis model [Neff and Asner, 2001],
which is based on the CENTURY framework [Parton et al.,
1988]. There are exceedingly few published evaluations of
models against data on stream water DOM export [Boyer
et al., 1996; Futter et al., 2007; Hornberger et al., 1994],
particularly during rainfall and snowmelt periods when
DOM fluxes are especially high, and those that are available
suggest that continued improvement of frameworks for
stream water DOM fluctuations are in order. The DOM mix-
ing and reaction model that is coupled to the rainfall-runoff
model reproduces 73% and 76% of the hourly variations in
stream water DOM concentrations in fall 2010 and fall
2009, respectively. The simply formulated model is capable
of describing the timing and magnitude of event-based
DOM peaks, the fast decline after precipitation ceases, and
the moderate tailing under base flow conditions. The good
match between the modeled and measured DOM time series
suggests that our model provides a reasonable approximation
of the coupled hydrological and biogeochemical controls on
DOM export from Bigelow Brook.

[51] Our model results demonstrate an important linkage
of carbon export to fluctuations in catchment water storage.
This finding is in line with previous DOM studies in for-
ested watershed [Hornberger et al., 1994; Boyer et al.,
1996; Brown et al., 1999; Hagedorn et al., 2000; Inamdar
and Mitchell, 2006], reflecting the correspondence between
increasing stream water DOM concentrations and the
catchment water level rise. This correspondence is not uni-
versal, however, as in some watersheds with permeable
geologic media that permits deep percolation, stream DOM
concentrations are not be related to water table fluctuations
[Moore et al., 2003].

[52] It is our hypothesis that the DOM appearing in the
stream during rainfall events at Bigelow Brook is derived
mainly from the riparian zone. Our soil lysimeter data
show DOM concentrations in shallow soil horizons are as
high as 92 mg C L™! after a dry summer period in riparian
locations, which is nearly 90 times greater than DOM
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concentrations measured in water samples taken from the
upslope groundwater well. The quick flow response that is
dominated by the transmission of water through shallow,
near-streamflow paths (as discussed above) is consistent
with the hypothesis that the riparian zone is the principal
source of stream DOM during stormflow periods. In glaci-
ated watersheds with moderate topography similar to Bige-
low Brook, riparian soils have been demonstrated to be the
dominant sources of DOM [Hemond, 1990; Hinton et al.,
1998]. In a small catchment with 8 to 30% topographic gra-
dient in central Ontario, Canada, Hinton et al. [1998] dem-
onstrated that riparian zone (within 5-25 m of the stream
channel) soils contributed 73-84% of the stream DOM
export during an autumn storm. Although our DOM model
is a catchment-averaged model, the well-mixed reservoir
assumption works reasonably well probably because the
observed stream water DOM dynamics are most sensitive
to processes that occur within a small part of the catchment
very near the stream [Fiebig et al., 1990; Hinton et al.,
1998; McGlynn and McDonnell, 2003b]. Less parsimoni-
ous model formulations that relax the well-mixed reservoir
assumption or that account for contributions from multiple
subsurface reservoirs may be required to simulate stream
water DOC concentrations in larger watersheds or in cases
in which storm event responses are significantly influenced
by the delivery of solutes and water from upland areas to
the stream.

[53] The carbon model involves calibrating three biogeo-
chemical parameters: the lumped coefficients for the in-
stantaneous release (k/), rate-limited DOM release (),
and removal by adsorption and biodegradation (k)
Although suitable for our study, the assumption that terres-
trial carbon biogeochemistry can be approximated with a
model that uses constant-valued coefficients may be inap-
propriate for simulating DOM dynamics at interseasonal
and longer time scales. The processes of DOM generation
and consumption vary with several factors, including tem-
perature [Liechty et al., 1995; Kalbitz et al., 2000; Lumsdon
et al., 2005]. In our study, observed DOM concentrations
are consistently overestimated by the model as daily tem-
peratures decreased during the latter half of the simulation
period (Figure 5b, compare circles and dashed line).
Kinetics coefficients that quantify biogeochemical reactions
are often reported to vary with temperature in a power law
or exponential fashion [Cornelissen et al., 1997; Sparks,
2003]. By expressing values of the rate coefficients (k,, and
k,ory) in an even simpler fashion, as linear functions of aver-
age daily temperature, we are able to narrow the discrepan-
cies between observed and modeled DOM concentrations
between days 310 and 340 of the simulation (Figure 5b,
compare circles and solid line). The processes governing
DOM production and consumption are undoubtedly sensi-
tive to other factors, in addition to temperature, that affect
the size and composition of the soil organic matter pool.
These factors include, for example, soil moisture, seasonally
dependent inputs of fresh organic matter by leaf litter fall
and root exudation, and the extent to which the soil organic
matter pool has been altered by abiotic and biotic processes
[Findlay and Sinsabaugh, 2002 ; Dawson et al., 2008]. For
periods that stretch beyond a season, we anticipate that our
assumptions of constant model coefficients and soil carbon
pool size will fail, and thus, our approach will have to be
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extended to account for more sophisticated treatments of
terrestrial carbon biogeochemistry, such as those used in
INCA-C or ecosystem models [Neff and Asner, 2001;
Michalzik et al., 2003 ; Futter et al., 2007]. In particular,
these extensions may involve expressing the coefficients
that govern DOC production and consumption (kl’?, kg, and
kem in equation (17)) as linear or nonlinear functions of
catchment water storage (as a surrogate for soil wetness) in
addition to soil temperature and by accounting for variations
in the size of the soil carbon pool by introducing additional
equations that describe temporal changes in concentrations
of solid organic matter due to processes such as litter fall,
root breakdown, dissolution, and adsorption of DOC.

6. Summary and Conclusions

[54] The punctuated response of stream water DOM con-
centrations to rainfall and the synchronized variations of
DOM and stream discharge are widely observed [Raymond
and Saiers, 2010]. We present a physically based model
intended to capture the principal characteristics of this
response. This model links a rainfall-runoff formulation
that accounts for hysteresis in the discharge-storage rela-
tionship with a soil water carbon model that treats the proc-
esses of soil water DOM production and consumption as
time-dependent, catchment-averaged processes. Compari-
son of model calculations to field measurements reveal a
tight coupling between changes in catchment-averaged
water storage and the mass of DOM delivered to the stream
from the terrestrial landscape. This model represents a sim-
ple framework for quantifying key processes dominating
event-driven DOM export from small, forested watersheds.
As such, it may be applicable to at least some of the many
other watersheds that exhibit similar rainfall-runoff behav-
ior and DOM-export responses.
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