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a b s t r a c t

Since soil erosion is driven by overland flow, it is fair to expect heterogeneity in erosion and deposition in
both space and time. In this study, we develop and evaluate an open-source, spatially-explicit, sediment
erosion, deposition and transport module for the distributed hydrological model, GEOtop. The model was
applied in Dripsey catchment in Ireland, where it captured the total discharge volume and suspended
sediment yield (SSY) with a relative bias of �1.2% and �22.4%, respectively. Simulation results suggest
that daily SSY per unit rainfall amount was larger when the top soil was near saturation. Simulated
erosion and deposition areas, which varied markedly between events, were also found to be directly
influenced by spatial patterns of soil saturation. The distinct influence of soil saturation on erosion,
deposition and SSY underscores the role of coupled surface-subsurface hydrologic interactions and a
need to represent them in models for capturing fine resolution sediment dynamics.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Soil erosion by rainfall and overland flow is a widespread threat
to soil fertility and water quality. Accurate estimation of soil loss
and its spatial distribution is often needed for pollutant risk ana-
lyses, reservoir management, agriculture productivity forecasts,
and soil and water conservation. In this regard, several distributed
models have been developed to obtain erosion estimates (DeRoo
et al., 1996; Wicks and Bathurst, 1996; Morgan et al., 1998;
Hessell, 2005; Jain et al., 2005; de Vente et al., 2008). Notably,
majority of distributed erosion-deposition models e.g., WEPP,
EUROSEM etc., consider simplistic representations of vertical and
lateral subsurface water flow, and often do not account for the
lateral subsurface water movement, or the coupled dynamic
interactions between vadose zone and the groundwater table, or
the evolution of soil moisture and groundwater with evapotrans-
piration. Given that the detachment, transport, and deposition of
soil are dominantly influenced by the velocity and volume of
overland flow (Julien and Simons, 1985), which in turn may be
influenced by antecedent soil moisture conditions (Legates et al.,
2011; Penna et al., 2011; Jost et al., 2012; Chen et al., 2014;
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Hueso-Gonz�alez et al., 2015), subsurface heterogeneity (Lewis et al.,
2012; Ghimire et al., 2013; Orchard et al., 2013; Zimmermann et al.,
2013; Niu et al., 2014; Tao and Barros, 2014), and groundwater
distribution (Kumar et al., 2009; Miguez-Macho and Fan, 2012;
Rosenberg et al., 2013; Safeeq et al., 2014; von Freyberg et al., 2015),
it is important to consider the coupled impacts of antecedent hy-
drologic states (soil moisture and groundwater distribution) and
subsurface hydrogeologic properties on sediment generation and
yield. Failing to do so may limit the applicability of these models to
a few events (Hessel et al., 2006; Mati et al., 2006; Ramsankaran
et al., 2013) or to regimes where the dynamic role of antecedent
conditions and subsurface heterogeneity on erosion are not large
enough. Heppner et al. (2006) made significant headway in this
direction by coupling sediment processes within an integrated
hydrologic model, InHM (VanderKwaak and Loague, 2001). The
study specifically evaluated the rainfall splash erosion component
of the model on a 6 m by 2.4 m plot. Heppner et al. (2007) used the
same model to perform sediment-transport simulations for six
events in a 0.1 km2 rangeland catchment. It is to be noted that InHM
solves subsurface flow using the variably saturated 3D-Richards
equation, while surface flow is simulated using diffusion wave
approximation of St. Venant equation. Equations corresponding to
these coupled processes are spatially discretized using a control
volume finite element strategy on each unstructured grid. A global
implicit solver is used to perform the simulation. Another notable
effort in this direction was by Kim et al. (2013), who coupled
sediment processes within a hydrologic and hydrodynamic model
tRIBS-OFM and validated their model against analytical solutions.
Similar to InHM, tRIBS-OFM is also an unstructured grid based
model. The model uses a gravity-dominated formulation (Cabral
et al., 1992) to simulate vadose zone flow and a quasi-3D Boussi-
nesq's equation under the Dupuit-Forchheimer assumptions to
simulate groundwater flow (Ivanov et al., 2004). The model was
used to evaluate sediment yield simulations for 10 events in a
0.036 km2 Lucky Hills watershed located in southeastern Arizona,
USA. Development of these physically-based integrated models of
hydrology and sediment dynamics has opened new opportunities,
especially in regards to understanding the impact of the hydrologic
state on spatio-temporal distribution of erosion, deposition and
yield. Notably, the aforementioned two models are not open-
source.

Here, we develop an open-source, spatially-explicit, structured-
grid based, sediment erosion/deposition module for a 3D surface-
subsurface hydrologic model, GEOtop (Rigon et al., 2006; Endrizzi
et al., 2014), and evaluate its applicability in explaining the sedi-
ment yield dynamics. Similar to InHM (Heppner et al., 2007), the
GEOtop model also solves subsurface flow using the variably
saturated 3D-Richards equation, while surface flow is simulated
using kinematic wave approximation of St. Venant equation. The
sediment dynamics model developed here takes advantage of the
GEOtop simulated distributed hydrological states such as moisture
content, surface flow depth, and flow velocity. The model accounts
for the influence of spatial heterogeneities in land surface charac-
teristics, subsurface hydrogeology, and antecedent conditions in
the generation of overland flow, and hence on the erosion and
deposition of sediment in the catchment. The model developed
here was applied on a much larger catchment (area ¼ 15 km2) and
for a longer period (simulation duration¼ 2 years) than in Heppner
et al. (2007) and Kim et al. (2013), allowing validation of the
coupled model for extended wet and dry periods. The coupled
model is then used synergistically with the observed data to
answer four pointed questions: a) Is the performance of the GEO-
topSed model for simulating SSY, dependent on the flow regime
and the model's ability to capture streamflow response? b) Does
the daily suspended sediment yield (SSY) from the watershed vary
monotonically with precipitation amount and energy? If not, does
the hydrologic response of the watershed has a role to play in the
departure from monotonic relation? c) Does the simulated source/
sink area of sediments vary spatially from one event to other? If yes,
is the variation driven by hydrologic state, specifically the surface
soil saturation state? and d) To what extent does the linear relation
between erosion and the slope-length factor (product of specific
catchment area and slope), which is often used in USLE-based
model representations (e.g. USLE (Wischmeier and Smith, 1978),
RUSLE (Renard et al., 1991), RUSLE2 (Foster et al., 2005)), hold for
GEOtopSed simulated states and fluxes?

2. Process formulation, model implementation, and
verification

2.1. The GEOtop model: a short review

The open-source GEOtop model (Rigon et al., 2006) is process
based and simulates core hydrological processes such as unsatu-
rated flow, saturated flow, overland flow, stream flow generation/
routing, and surface energy balances. Overland flow modeling is
performed using the kinematic wave approximation of St. Venant
equation while subsurface flow and soil moisture simulations are
performed by solving a variably-saturated representation of 3D
Richards equation. By solving the Richards equation, GEOtopmodel
can simulate the surface runoff generation processes due to both
infiltration excess and saturation excess, and can also redistribute
the sub-surface water both laterally and vertically, as determined
by the head gradient. The model has been extensively tested and
validated in Bertoldi (2004). The water and energy balance calcu-
lations in GEOtop were recently refined to account for soil freezing
and thawing effects (Endrizzi et al., 2014). In summary, with
detailed water and energy balance modules, GEOtop can provide
accurate simulations of evapotranspiration and soil moisture dy-
namics (Bertoldi et al., 2014; Della Chiesa et al., 2014), given
adequate watershed data. By simulating coupled hydrologic states
(e.g. surface flow depth, soil moisture and groundwater) on each
grid of the model domain, the model is well suited to study the
influence of watershed properties and subsurface states on
spatially-distributed runoff, an important control on erosion, at
multiple scales. Furthermore, as an open source software (http://
www.geotop.org/wordpress/), the GEOtop model provides a com-
plete hydrological model framework with ease for extensions. One
such example is the incorporation of landslide occurrence predic-
tion within the GEOtop framework by Simoni et al. (2008).

2.2. Process formulation of the sediment dynamics model

The sediment dynamics model developed here takes advantage
of the GEOtop simulated distributed hydrological states such as
moisture content, surface flow depth, and flow velocity. Here we
only highlight the aspects of themodel that aremost relevant to the
sediment erosion, deposition and transport modeling. Readers may
refer to GEOtop model papers (Rigon et al., 2006; Endrizzi et al.,
2014) to learn more about the individual process representations.

GEOtop simulates soil moisture in each subsurface layer by
solving the 3D Richards equation:

ðCðHÞfþ SwSsÞ vH
vt

þ V$ð�KVHÞ þ Sw ¼ 0 (1)

where K [m s�1] is the hydraulic conductivity, H [m] is the sum of
pressure and potential head, and Sw is the source/sink mass flux
[s�1], Ss is the specific storage coefficient [m�1], f is porosity [�],
and C(H) is the specific moisture capacity function.

http://www.geotop.org/wordpress/
http://www.geotop.org/wordpress/
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Surface overland flow is routed along the flow direction using
kinematic wave approximation of the Saint-Venant equation rep-
resented as:

vh
vt

þ vq
vx

¼ qL (2)

where h is depth of overland flow [m], x is a local coordinate system
oriented along the flow direction [m]; q is flow rate per unit width
[m2 s�1], and qL is vertical inflow or outflow rate (to the surface
water) per unit area [m s�1]. The flow direction is defined along the
line of steepest downslope head gradient between the grid and its
eight neighbors. The overland flow equation is coupled to the
continuity equation of sediment transport at each time step using:

vhC
vt

þ vqC
vx

¼ Ex (3)

where C is sediment concentration in the overland flowwithin each
cell [kg m�3], and Ex is the exchange rate of sediment per unit
surface area [kg m�2 s�1] at the interface of soil and water. Ex is
composed of three major mechanisms: rainfall splash detachment
(DR), flow detachment (DF) and deposition (DP), as:

Ex ¼ DR þ DF � DP : (4)

DR [kg m�2 s�1] is approximated by DeRoo et al. (1996):

DR ¼
�
0:1033

Ke
z
e�1:48h þ 3:58

�
*I (5)

where z is soil cohesion [kPa], Ke is rainfall kinetic energy
[J m�2 mm�1], and I is the precipitation intensity [mm h�1]. DF and
DP [kg m�2 s�1] are related to transport capacity (TC) based on the
erosion-deposition theory proposed by Smith et al. (1995).

DF ¼ ðTC � CÞ*y*vs (6)

DP ¼ ðTC � CÞ*vs (7)

where y is an efficiency coefficient that is a function of soil cohesion
(DeRoo et al., 1996), and vs is settling velocity of the particles
[m s�1]. The dependence of soil cohesion on soil moisture (Bullock
et al., 1988) and root tensile strength (Wu et al., 1979) is captured
using:

zs ¼
�
q

qs

�2

zss (8)

zadd ¼ 1:2*RS (9)

z ¼ zadd þ zs (10)

where zs, zss, zadd are bare soil cohesion, saturated bare soil cohesion
and additional cohesion by roots respectively, q and qs are the soil
moisture and saturated soil moisture contents respectively, and
RS is the root total tensile strength [kPa]. The transport capacity is
based on the experiments conducted by Govers (1990):

TC ¼ aðu� ucrÞb*r (11)

where u is the unit stream power [m s�1] (Yang, 1972), ucr is the
critical power that initiates flow detachment of soil particles
[m s�1], r is the density of soil particles [kg m�3], and a and b are
empirical parameters related to soil particle size.

The sediment mass balance in each stream channel reach was
calculated using:

vhcCc

vt
þ vqcCc

vx
¼ In (12)

where qc is the discharge per unit width in channel [m s�1], hc is the
water depth of channel [m], Cc is sediment concentration in chan-
nel [kg m�3], and In is the sediment exchange rate per unit area
between adjacent land cells and the channel cell [kg m�2 s�1]. The
suspended sediment yield (SSY) [kg] at the outlet of the catchment
was the integration of suspended sediments over the period of
interest:

SSY ¼
Z

QolColdt (13)

where Qol is the discharge rate at outlet [m3 s�1], Col is the sediment
concentration at the outlet cell [kg m�3] and dt is an hourly inte-
gration time step. The period of integration in the ensuing analyses
varied from hourly to annual scale and has been appropriately
identified at relevant locations.
2.3. Model implementation

The GEOtopmodel first solves the finite difference discretization
of 3D Richards equation (Equation (1)) using Bi-conjugate gradient
stabilized method (Vorst, 1992). An absolute numerical tolerance of
10�4 mm is used for ensurewater balance. This requires performing
simulations at an adaptive time-step with time intervals generally
ranging from minutes to hours. After solving the 3D Richards
equation,H in the top layer is used to calculate the head gradient for
estimation of infiltration/exfiltration flux in Equations (1) and (2),
at a user defined interval (hourly in this study). Finite difference
discretization of the surface flow, channel routing, and sediment
transport equations (Equations (2), (3) and (12)) are then solved
altogether using a forward explicit Euler method. To ensure sta-
bility, Courant-Friedrichs-Lewy (CFL) condition is used. The Cou-
rant number is set to 0.25. If the CFL condition is not satisfied, the
time step is reduced by 75% adaptively until it gets satisfied.
Although the integrated model simulations are performed using an
adaptive time-stepping scheme, the model outputs are printed at
constant intervals.
2.4. Model verification at plot scale

GEOtopSedwas first evaluated on a soil flume setup discussed in
Ran et al. (2012). The setup included a rainfall simulator, a tilted soil
flume, an overland flow collector, and a set of soil water content
monitor devices. The rainfall simulator was used to generate rain
events of varying intensity, duration, moving direction, rainfall
position, and no-rainfall interval. The size of the soil flume was 5 m
long by 1 mwide. In the flume, a 30 cm thick soil layer with a fixed
slope of 25�, and containing 13% clay, 58% silt, and 29% sand was set
on top of a 5 cm thick sand layer. Surface runoff and sediment were
collected at the end of the soil flume in a metal container placed
slightly below the soil surface. All other boundaries of the soil flume
were impermeable. Readers are referred to Ran et al. (2012) to learn
more about the experimental setup. The model simulations were
performed on a grid discretization with a resolution of
1 m � 1 m � 10 cm in x, y and z directions. The model results were
output at 3 min interval in this experiment.

Out of 33 rainfall scenario experiments discussed in Ran et al.
(2012), here we summarize the results for three scenarios (No.10,
No.14, and No.18) with markedly different rainfall intensities
(Table 1). For scenario 10 (Fig. 1) which included rain events of
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highest rainfall intensity (>80 mm/h) and shortest duration among
the three selected scenarios, the model was able to capture the
observed timing of both flow and SSC peaks. Observed flow peaks
were also captured accurately. Further analyses of simulation re-
sults suggest that a smaller runoff peak for the first event, even
though the duration and intensity of all the precipitation events
were almost identical, was because of drier antecedent soil mois-
ture conditions in the top soil layer. Once the moisture deficit of top
layer is fulfilled, additional precipitation contributes to infiltration-
excess runoff even while the lower soil layers are not yet saturated.
Since the second event occurred only 0.25 h after the first one, the
top soil layer was still near saturation resulting in a larger runoff
peak than the first event. For later events, several model cells were
fully saturated i.e. all vertical layers were saturated, indicating that
both infiltration-excess and saturation-excess processes played a
role in generation of runoff peaks for these events. The model was
also able to capture the relatively smaller runoff peak magnitude in
scenarios 14 and 18 due to the reduced intensity of events. Overall,
the timing of simulated SSC peaks also matched the peak in
observed records. For scenarios 10, the model was able to capture
the magnitude and the decreasing trend in SSC for events 2 to 5.
The first simulated SSC peak was however underestimated. Ana-
lyses of simulated states suggest that the decreasing trend in SSC
may be explained based on the combined effects of increase in flow
volume which reduces SSC, reduction in sediment generation with
small decrease in peak flow, and an increase in soil cohesion with
increasing soil moisture which impedes sediment generation. For
scenario 14, the model was again able to capture the decreasing
trend in SSC for the four events. In scenario 18, the SSC was
measured only for two events as the first precipitation pulse did not
generate any response. The model captured the magnitude of
runoff peak corresponding to the third event, but underestimated
for the second event. It is to be noted that the runoff generated for
the second event is negligible and SSC estimates are very sensitive
at these magnitudes.

In summary, the GEOtopSed model generally captured both the
trend and the quantity of runoff and suspended sediment con-
centration (SSC). It is to be noted that an accurate simulation of
runoff and consequently of SSC was possible because of compre-
hensive representation of surface and subsurface hydrological
processes in the model.

3. Model application at watershed scale

3.1. Site description

The coupled model was applied at a small experimental catch-
ment, in Dripsey, Ireland (Fig. 2). Given that groundwater and
Table 1
Summary of plot experiment. The experiment data are from Ran et al. (2012). Numbers

Scenario no. Event Rainfall intensity
(mm/h)

Rainfall amount
(mm)

Rainfall dur

10 US001 83.99 21.00 0.25
US002 84.42 21.10 0.25
US003 85.05 21.26 0.25
US004 86.08 21.52 0.25
US005 83.80 20.95 0.25

14 UM001 59.15 29.57 0.5
UM002 59.28 29.64 0.5
UM003 59.47 29.73 0.5
UM004 61.09 30.54 0.5

18 UW001 29.63 29.63 1
UW002 23.45 23.45 1
UW003 34.35 34.35 1
antecedent soil moisture have been found to play an important role
on runoff generation (Lewis et al., 2013) and nutrient transport
(Warner et al., 2009) in the catchment, the site serves as a good test
case for validating the integrated model at catchment scale. The
Dripsey catchment is located approximately 25 km northeast of
Cork, and has an area of 15 km2. The elevation of this catchment
ranges from 60 to 210 m. It is a beef and dairy producing agricul-
tural catchment and is almost 100% covered by perennial ryegrass.
The catchment slopes gently, with around 85% of the area having
less than 3% grade. Gleys and podzols are the two major soil types.
The experimental field site is managed by the Hydromet team of
the University College Cork (UCC). There is a meteorological flux
tower at the top of the catchment (elevation 192 m) where radia-
tion, wind speed, air temperature, surface temperature, relative
humidity, and soil moisture (at five depths) have been measured at
30 min interval since 1998 (Albertson and Kiely, 2001). All the
meteorological data from the site are archived in the FLUXNET re-
pository (http://fluxnet.ornl.gov). At the catchment outlet (eleva-
tion 60 m), stream flow was monitored continuously at 30 min
interval for a period of over two years (2002e2003). Flow-
weighted water samples at the catchment outlet were collected
using an ISCO 6712 auto-sampler with intake set at approximately
0.25 m above the streambed (Lewis, 2003, 2011).

The climate in the study region is temperate maritime, and is
characterized by high humidity and a lack of temperature extremes
during the year. The minimum daily temperature for years 2002
and 2003 was �0.2� C. The mean annual precipitation locally is
approximately 1400 mm. The annual precipitation in the Dripsey
catchment for year 2002 and 2003 was 1823 mm and 1178 mm,
respectively. Winter and spring were the wetter seasons while
summer was generally dry (Fig. 3). No precipitation was recorded
during the period with temperature below 0 �C during the two
years. Suspended sediment losses over the catchment were esti-
mated from measured data of stream flow volume and suspended
sediment concentration. The monthly variations in suspended
sediment yield are shown in Fig. 3. Notably, the runoff ratio in
January 2003 is larger than one. This indicates that antecedent
groundwater recharge participated in delayed streamflow response
in this month. Marked variations in runoff ratio through the year
underscores the need for appropriate partitioning of the water
budget across different stores of the hydrologic continuum.

3.2. Input data

GEOtop requires a digital elevation model (DEM), land use/land
cover (LULC) map, and soil type map to simulate the hydrological
processes for a catchment. The soil type map and soil parameters
were obtained from Irish Forestry soils (IFS) database and in situ soil
in the parenthesis are simulation results from GEOtopSed.

ation (h) No-rainfall
interval (h)

Time of runoff
peak (h)

Runoff peak
(ml/s)

SSC (kg/m3)

0 0.12 (0.15) 30.2 (31) 57.08 (25.6)
0.25 0.09 (0.15) 38.8 (41) 30.05 (32.6)
0.5 0.20 (0.25) 40 (40) 19.53 (32.7)
1 0.12 (0.15) 38.9 (35) 14.30 (24.2)
3 0.18 (0.15) 40.8 (36) 10.63 (20.3)

0 0.24 (0.4) 13.6 (17) 69.35 (89.4)
0.5 0.27 (0.3) 21.95 (21) 36.76 (33.4)
1 0.21 (0.3) 22.4 (23) 24.20 (18.3)
3 0.27 (0.5) 21.45 (20) 16.78 (18.7)

0 0.00 (0) 0 (0) 0.00 (0)
1 0.27 (0.65) 0.233 (1) 4.77 (0.001)
3 0.33 (0.65) 7.5 (11) 6.71 (6.38)

http://fluxnet.ornl.gov


Fig. 1. Modeled and observed records for rainfall scenarios 10 (left column), 14. (middle column), and 18 (right column). The first row are the time series of precipitation and surface
runoff; the second row are time series of precipitation and suspended sediment concentration (SSC); and the third row are time series of plot-average soil moisture of three
subsurface layers. In the top two rows, precipitation (P) is plotted on the secondary axis.

Fig. 2. Location of Dripsey catchment in County Cork, Ireland. The location of the meteorological tower is where “Dripsey” is marked in yellow. The right top panel is the Google
Earth image of Dripsey catchment. The lower panel shows the conceptualization of rills (discussed in Section 3.3).(For interpretation of the references to colour in this figure
legend,the reader is referred to the web version of this article.).
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samples (Lewis, 2011). LULC parameters were derived based on
classifications using the Corine land cover 2000 database and land
use data observed in the catchment. The stream channel was
delineated using DEM processing in GIS. The derived extent of
stream was validated against the regional channel map. Geomor-
phic properties of the channel were defined based on the DEM data.
All thematic maps were resampled at 50 m � 50 m spatial
resolution. Meteorological data such as precipitation, temperature,
incoming shortwave radiation, air pressure, relative humidity, wind
speed and direction in half-hourly time steps were collected at the
HYDROMET flux tower at Dripsey. Because of the small size of the
catchment (area ¼ 15 km2) and absence of any other precipitation
data fine enough to resolve the heterogeneities within the water-
shed, the rainfall was assumed to be uniformwithin the catchment.



Fig. 3. Observed monthly variations in precipitation (P), discharge volume (Q) and suspended sediment losses (SSY) in the Dripsey catchment.
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The assumption is reasonable given the mild topographic relief and
a uniform land cover within the catchment. The stream flow and
suspended sediment concentration data, collected by the water
level recorder and water ISCO 6712 auto-sampler at the outlet of
catchment, were used to both calibrate and validate the model.
3.3. Model implementation in dripsey catchment

The integrated model simulations were performed at
50 m � 50 m spatial resolution. Simulation results were output at
hourly temporal resolution. While overland flow (from either
saturation excess or infiltration excess) is generated over the entire
land surface cell in the original GEOtop model, a rill width ratio
(wdx) parameter was introduced in the sediment dynamics model
to account for the flow organization within each cell. The
assumption here is that the generated overland flow is transferred
into small rills (Fig. 2) inwhich overland flowgets concentrated and
the potential of rill erosion is high. The rill width ratio (wdx) was
calculated using the following equation:

wdx ¼
P

iwdi
xw

(14)

where i is the rill index within a cell, wdi is the width of ith rill [m],
and xw is thewidth of the cell [m]. In other words,wdx is the fraction
of a grid cell covered by overland flow,when overland flow is active.
The soil erosion calculations were accordingly modified to account
for erosion under a redistributed overland flow regime. Rain splash
detachment occurred in the entire cell while the flow detachment
only occurred within the rills. While rill characteristics can be
observed, the absence of relevant data for the site leads us to
consider rill characteristics as a calibration parameter. This is an
important area for future research attention.
The model accounts for erosion, deposition, and transport of
suspended sediment on the hillslopes. However, considering that
the bank and bed erosion and deposition in first order river chan-
nels are not significant (Golubev, 1982), these processes were not
included in sediment dynamics calculations in the channel. All the
sediment entering the channels was assumed to directly reach the
outlet of the watershed. It is to be acknowledged that this
assumption may cause bias in suspended sediment yield estimates,
especially from large basins wherein river beds and banks can be a
significant source and/or sink of sediment.
3.4. Sensitivity analysis

A global multivariate sensitivity analyses was first conducted to
evaluate the role of physics-based parameters that may impact soil
erosion and deposition. Themethodology is based on aMonte Carlo
framework, and can be used to analyze the influence of a parameter
while also considering the influence of all other parameters at the
same time (Franks et al., 1997). The parameters chosen for the
sensitivity analysis included hydrologic properties that may influ-
ence runoff generation (Table 2) and land properties that may in-
fluence soil erodibility (Table 3). Ranges of some of the soil
parameter such as saturated conductivity for different layers (K),
soil residual water content (qr), wilting point (qw), field capacity
(qfc), saturatedwater content (qs), and soil median particle size (D50)
were assigned based on the sand-silt-clay fraction of in situ soil
samples (Lewis, 2011). The LAI range was assigned based on the
land cover of the catchment. Other parameters (Table 2, Table 3),
such as Chezy's roughness coefficient (Cm), rill width ratio (wdx),
and root area ratio (Ra) were assigned a conservative range large
enough to encompass the range of parameters used in previous
studies. Model simulations were conducted using a single rainfall
event for 10,000 random sets of parameters, which were sampled



Table 2
Ranges and numerical sensitivity index (NSI) of hydrologic parameters.

Variable name Description Range NSI

LАI Leaf area index 0.1e4 0.073
CF Canopy fraction 0e1 0.0009
Cm Chezy's roughness coefficient 0.01e5 0.0325
wdx Rill width ratio 0.01e1 0.073
D1 [mm] Soil depth of first layer 25e300 0.0731
Kh_ L1 [mm s�1] Horizontal saturated conductivity (1st layer) 0.00036e0.12 0.0008
Kv_ L1 [mm s�1] Vertical saturated conductivity (1st layer) 0.00036e0.06 0.0322
qr _L1 Residual water content (1st layer) 0.03e0.06 0.0033
qw_L1 Wilting point (1st layer) 0.06e0.16 0.0040
qfc_L1 Field capacity (1st layer) 0.3e0.5 0.0050
qs_ L1 Saturated water content (1st layer) 0.3e0.6 0.0045
Kh_ L2 [mm s�1] Horizontal saturated conductivity (2nd layer) 0.00036e0.12 0.0012
Kv_ L2 [mm s�1] Vertical saturated conductivity (2nd layer) 0.00036e0.06 0.0001
qr _L2 Residual water content (2nd layer) 0.03e0.06 0.0035
qw_L2 Wilting point (2nd layer) 0.06e0.16 0.0006
qfc_L2 Field capacity (2nd layer) 0.3e0.5 0.0013
qs_ L2 Saturated water content (2nd layer) 0.3e0.6 0.0062
Kh_ L3 [mm s�1] Horizontal saturated conductivity (3rd layer) 0.00036e0.12 0.0076
Kv_ L3 [mm s�1] Vertical saturated conductivity (3rd layer) 0.00036e0.06 0.0119
qr _L3 Residual water content (3rd layer) 0.03e0.06 0.0026
qw_L3 Wilting point (3rd layer) 0.06e0.16 0.0006
qfc_L3 Field capacity (3rd layer) 0.3e0.5 0.0048
qs_ L3 Saturated water content (3rd layer) 0.3e0.6 0.0005

Table 3
Ranges and numerical sensitivity index (NSI) of erosion and sediment dynamics
parameters.

Variable name Description Range NSI

Cm Chezy's roughness coefficient 0.01e5 0.3569
Rs [MPa] Root tensile strength 0.001e0.1 0.0236
Ra Root area ratio 0.001e0.1 0.0033
wdx Rill width ratio 0.01e1 0.3569
D50 [mm] Median particle size 5e200 0.3563
z [kPa] Soil cohesion 0e30 0.0237
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from uniform distributions across the specified parameter ranges.
Based on the rank of Nash-Sutcliffe coefficients (NSE) for each
parameter set, the 10,000 parameter sets were divided into ten
performance classes, each with 1000 parameter sets. The classes
were ranked by NSE from low to high, i.e. Class 1 consisted of
parameter sets with lowest NSE while Class 10 comprised of
parameter sets with highest NSE. A numerical sensitivity index
(NSI) was used to quantify the sensitivity (Montaldo et al., 2003):

NSI ¼ 1
ncNxrange

Xnc

i¼1

XN
j¼1

xdði; jÞ (15)

where xd is the difference between the parameter values of two
classes for the jth cumulative frequency and for ith pair of cumu-
lative frequency curves, nc is the total number of pairs of cumulative
frequency classes (with 10 classes, nc ¼ 45), and N is the number of
cumulative frequency values in each performance class (N ¼ 1000
in this case). xrange is the range of parameter values. NSI is an in-
dicator of the distance between each class. A larger value ofNSI for a
parameter indicates higher sensitivity to it. It is to be noted that
while generating the parameter sets, extra care was taken to ensure
that the considered values of dependent parameters were physi-
cally realistic. For example, only the parameter sets with soil re-
sidual water content (qr), wilting point (qw), field capacity (qfc) and
saturated water content (qs) in increasing order were considered. It
is also possible that only certain ranges of parameters may co-exist.
However, because of the absence of any parameter-concurrency
data for the region, the sensitivity analyses did not consider this.
The sensitivity of hydrologic and land surface parameters is
presented individually here. Among the 23 parameters selected for
the hydrological sensitivity analysis, leaf area index (LAI), rill width
ratio (wdx), depth of the first soil layer (D1), Chezy's roughness co-
efficient (Cm), and vertical hydraulic conductivity of the first soil
layer (Kv_L1) were found to be among the five most sensitive pa-
rameters for runoff generation (Table 2). Similarly, Cm, wdx and D50

were observed to be the three most sensitive parameters for sedi-
ment yield simulations (Table 3). Root tensile strength (Rs) and soil
cohesion (z) also were important players in sediment yield simu-
lations, though to a lesser extent than the other three parameters
identified above. Among the three most sensitive parameters for
sediment yield, D50 can be estimated from soil texture and Cm can
be related to land cover and land use. wdx can be highly varied
between different watersheds or land parcels depending on micro-
topographic heterogeneity arising from natural causes or imple-
mentation of agricultural practices (e.g. tillage farming). The other
two sensitive parameters for sediment yield simulations: root
tensile strength (Rs) and soil cohesion (z), are correlated, as Rs
proportionally affects z (see Equations (7)e(9)) and both the pa-
rameters have a tendency to reduce soil erosion.

Having identified the most sensitive parameters, next a uni-
variate sensitivity experiment was performed to investigate the
role of two sensitive but independent parameters (wdx and z) on
erosion simulations. This involved forcing the model with a 32 mm
precipitation event of 24 h duration. As shown in Fig. 4, increasing
wdx caused a reduction in suspended sediment losses. This is
because for a wider rill, overland flow depth and velocity is smaller
resulting in a smaller shear stress betweenwater and soil surface to
detach the soil particles. It is to be noted that the relative changes in
wdx (base value equals to 0.5) were larger than the relative changes
in SSY. For example, 20% decrease in wdx increased sediment yield
by 15%. This was due to the offset effect of reduction in flow
detachment area when the rills are narrower.

Five additional sensitivity experiments with varying rainfall
intensities, but with identical precipitation amount, were con-
ducted to evaluate potential controls of event characteristics on the
sensitivity of sediment yield towdx. Different rainfall intensities did
not show significant impacts on sensitivity analysis, indicating that
flow detachment rather than splash erosion, was the major driving



Fig. 4. Sensitivity of rill width ratio, wdx (a) and soil cohesion, z (b) on suspended sediment yield (SSY) for a range of precipitation intensities.
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force for water erosion in Dripsey catchment. This is possibly
caused by the dense grassland vegetation cover within Dripsey
catchment which protected the soil surface from detachment by
raindrops. Similar sensitivity experiment for soil cohesion (z)
showed that the sediment yield decreased with increase in z. The
influence of soil cohesion on erosionwas the largest when cohesion
value was between 10 and 20 kPa. Notably, as the precipitation
intensity increased, the sensitivity to soil cohesion decreased.

It is to be noted that sediment yield simulations could be
influenced both by parameters that control rainfall-runoff pro-
cesses and parameters that define the land surface and soil char-
acteristics. This makes calibration of a physically based integrated
erosion-deposition models much more challenging than inte-
grated hydrologic models.

3.5. Model performance during calibration and validation periods

3.5.1. Evaluation metrics
Performance of the model was evaluated using four metrics:

Relative bias (RB), NasheSutcliffe efficiency (NSE), index of agree-
ment (IOA), and Root mean square error (RMSE). RB evaluates the
relative distances between observed (O) and simulated (S) data
with respect to the observed mean (O) using:

RB ¼ 100
Pn

i¼1ðSi � OiÞ
nO

(16)

where n is the length of data series. NSE (Nash and Sutcliffe, 1970) is
a dimensionless goodness-of-fit indicator that ranges from nega-
tive infinity to one. A NSE value of 1 indicates a perfect fit between
observed and simulated data.

NSE ¼ 1�
Pn

i¼1 Oi � Sið Þ2Pn
i¼1 Oi � O

� �2 : (17)

In the context of watershed hydrologic modeling, Moriasi et al.
(2007) summarized that the model performance could be consid-
ered as “Good” if the RB is less than 15% for streamflow and 30% for
sediment, and NSE is larger than 0.65 for monthly time step sim-
ulations. For finer time step, the equivalent “goodness” threshold of
NSE is lower, e.g. NSE value of 0.65 for monthly time step may yield
a NSE value of 0.4 for daily time step (Fernandez et al., 2005). IOA
(Willmott, 1981) is used to detect the differences in the observed
and simulated means and variances, especially during the intense
rainfall events as the metric is sensitive to extreme values. IOA
ranges from 0 to 1. A value of 1 indicates a perfect match, and
0 indicates no agreement at all. Krause et al. (2005) concluded that
IOA of 0.65 could indicate a good model performance, although IOA
is not sensitive to systematical under- or over-estimation:

IOA ¼ 1�
Pn

i¼1 Oi � Sið Þ2Pn
i¼1

��Si � O
��þ ��Oi � O

��� �2 : (18)

RMSE quantifies prediction error as:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðOI � SiÞ2
N

s
: (19)

A RMSE value of zero indicates perfect fit. If the value is less than
half of the standard deviation of the observations, the model per-
formance may be considered as good (Singh et al., 2005).

3.5.2. Calibration period
The calibration was carried out using hourly flow data and

suspended sediment concentration data from Jan 1st, 2002 to Mar
14th, 2002 (73 days, 10% of the observed data). The GEOtopSed
model spin-up was performed using the meteorological data of Dec
2001. The calibration process mainly focused on the most sensitive
parameters, as identified in the global sensitivity analyses. Cm, D1,
and wdx were the three major parameters calibrated for the flow
simulation. z and D50weremainly calibrated for erosion simulation.
The initial values of the calibration parameters were set to the
median of the ranges in Tables 2 and 3. The model calibration was
based on both mass balance and goodness of fit of hydrograph and
sedigraph. The goal was to at least limit the relative bias (RB) of total
discharge volume and total SSY to less than 15% and to have NSE of
daily average flow rate and daily total SSY to be larger than 0.4.

The observed and simulated stream flow series in calibration
period are shown in Fig. 5a and b. Observed and simulated total
discharge volumes per unit area over the calibration period were
411 mm and 472 mm, respectively (RB ~ 15%). The R2 and Nash-
Sutcliff coefficient (NSE) were 0.76 and 0.48, respectively. The in-
dex of agreement (IOA) was 0.92 and the root mean square error
(RMSE) was 3.03 mm/day. The NSE, IOA, and RB values indicate a
“good” model performance based on the threshold proposed by
Moriasi et al. (2007) and Krause et al. (2005). The RMSE was 71% of
the standard deviation of observed streamflow, which means that
the model performance was not good (Singh et al., 2005). Large
RMSE value is because of themodel's tendency to overestimate high
flow and underestimate low flow (Fig. 5b).

In regards to the estimates of suspended sediment yield (SSY),
the model also showed good agreement with the observations. The



Fig. 5. Model estimates of daily discharge and daily suspended sediment yield (SSY) during the calibration period. (a) plot of observed (with subscription ‘o’) and simulated (with
subscription ‘s’) daily average stream flow rate; (b) scatter plot of observed and simulated daily average stream flow rate; (c) plot of observed and simulated daily total SSY; (d)
scatter plot of observed and simulated daily total SSY. Black solid line in panel (b) and (d) is the 1:1 line. Blue dashed line is the best-fit line.(For interpretation of the references to
colour in this figure legend,the reader is referred to the web version of this article.).

Table 4
Performance of stream flow and total suspended sediment yield simulation in
calibration and validation periods.

Calibration Validation

Q SSY Q SSY

NSE 0.48 0.65 0.5 0.32
IOA 0.92 0.93 0.9 0.86
RB 15% 9.87% �1.2% �22.37%
RMSE 3.03 0.83 1.47 0.41
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observed andmodeled total suspended sediment losses were 72.76
and 79.94 tons, respectively, for the calibration period. The RB was
9.87%. R2 and NSE were 0.79 and 0.65, respectively (Fig. 5c, d). The
RMSE was 0.83 ton/day (56% of the standard deviation of observed
SSY) and IOA was 0.93. The model performance based on the NSE,
IOA, and RB values can be termed as “very good”. The SSY during the
peak flow were overestimated, just like the overestimation of high
flows by the hydrologic model.

3.5.3. Validation period
The model was validated using data from Mar 15th, 2002 to the

end of 2003. Observed and simulated total discharge per unit area
were 1303.8 mm and 1287.7 mm, respectively. The time series of
cumulative observed and simulated discharge volume matched
each other for most of the period, and the RB was only �1.2%. In
general, the model reasonably simulated both the timing and
magnitude of stream flow during the validation period (RMSE:
1.47 mm/day or 56% of the standard deviation of observed
discharge; NSE: 0.5; and IOA: 0.9). However, the model simulation
overestimated high flows and underestimated low flows, much like
it performed during the calibration period.

The performance of SSY simulation registered similar biases as
that shown in streamflow simulation. The observed and simulated
total annual suspended sediment losses were 170.66 and 132.48
tons, respectively. The total simulated SSY for validation period had
a relative bias of �22.37%. The erosion model did not miss any
erosion events during the validation period. Similar to the flow
simulation results, SSY estimates were somewhat larger than
observed during high flows and smaller during low flows. The RMSE
was 0.41 ton/day (53% of the observed SSY) and the value of IOAwas
0.86. NSE was 0.32. Relatively poor NSE is because of the metric's
sensitivity to overestimation of SSY peaks.
The model performances of flow and SSY simulation during
calibration and validation periods are summarized in Table 4. The
NSE and IOA values of modeled flow in calibration and validation
periods were similar. The RMSE of simulated flow in validation
period was smaller than in calibration period. The differences be-
tween observed and simulated flow rate were smaller during the
low flows than high flows. This was partly because of the longer
duration of low flow during the validation period. The model per-
formance of suspended sediment simulation in validation period
was not as good as in calibration period, even though the perfor-
mances of flow simulation in both periods were similar. This was
due to the bias in the flow simulation and power-law relationship
between flow rate and water transport capacity, which exacerbated
the SSY estimates.

In order to investigate the performance of the integrated model
during markedly different flow regimes, a 20-day moving average
discharge threshold of 0.2 m3/s was used to divide the simulation
series into wet and dry periods (see Fig. 6a). The total duration of
the dry period was 173 days, almost 27% of the two years. The total
precipitation during the dry period was 326.6 mm, which is almost
11% of the total precipitation. Table 5 summaries the performances



Fig. 6. Model estimates of discharge and suspended sediment yield (SSY) during the validation period. (a) plot of observed and simulated daily average stream flow rate. The wet
and dry periods were identified by letter ‘W’ and ‘D’; (b) scatter plot of daily average stream flow rate; (c) plot of observed and simulated daily total SSY; (d) scatter plot of daily total
SSY. Black solid line in panel (b) and (d) is the 1:1 line. Blue dashed line is the best-fit line.(For interpretation of the references to colour in this figure legend,the reader is referred to
the web version of this article.).
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of the integrated model for both flow and SSY simulations during
wet and dry periods. Both simulations showed better agreement
with observed data during wet periods than in dry periods. In
general, discharge volume was overestimated for dry periods and
underestimated in wet periods, while the SSY was underestimated
in both wet and dry periods. It is to be noted however that for large
peaks, both flow rate and SSYwas overestimated by the model. The
negative NSE and RB indicate that the calibrated parameter set did
not provide accurate enough estimates of flow and SSY during dry
periods. This is in line with the findings of Jetten et al. (1999) that
showed erosion-deposition models cannot guarantee good per-
formance, especially during dry periods, if the events used for
calibration are not representative of the prevailing flow regime. It is
to be noted that even though the suspended sediment simulation
was not good enough during dry period, the bias of suspended
sediment is only 9.94% of the total bias.

4. Results and analyses

4.1. Temporal variations in modeled estimates

SSY from the catchment varied markedly from day to day and
also non-monotonically with daily precipitation magnitude and
Table 5
Performance of stream flow and suspended sediment simulations in wet and dry
periods.

QW Qd SSYw SSYd

NSE 0.33 �0.75 0.25 �1.52
IOA 0.88 0.59 0.85 0.44
RB 4.55% 57.58% �20.65% �95.76%
Bias �56.32 39.15 �34.44 �3.80
intensity (Fig. 7a). The R2 between observed daily SSY and daily
rainfall was only 0.14. The R2 between observed daily SSY and the
product of daily total rainfall kinetic energy and maximum 30-min
rainfall intensity (EI30) was relatively better but still modest, and
was equal to 0.53. It is to be noted here that the lagged correlation
magnitude between observed daily SSY and daily rainfall was
maximum for a zero day lag. The large variations in observed daily
SSY indicate that the daily precipitation magnitude and intensity
only have a marginal potential for estimating daily SSY. The varia-
tion could be because of the non-linear integrated response of the
catchment, which may result in generation of markedly different
runoff and hence SSY for the same daily precipitation amount and
EI30. Since runoff generation is directly influenced by the soil
moisture in the surface soil layer (which in turn is influenced by
meteorological forcings, antecedent hydrologic states, and water-
shed properties), we explore if the variations in daily SSY with EI30
could be directly related to the prevailing soil moisture. To this end,
data in the SSY vs EI30 plot are color coded based on simulated daily
average soil moisture (Fig. 7a). Based on the first glance, for an
identical EI30, SSY value appears to be larger for larger catchment-
average soil moisture.

To explore this further, two daily events of similar magnitude
but with very different moisture conditions were considered
(Fig. 8). The first event occurred on 2002/1/27 (identified in Fig. 5)
and delivered a total precipitation of 11 mm, a total measured
streamflow of 1.3 � 105 m3 (modelled: 1.8 � 105 m3) and an event
total suspended sediment yield (SSY) of 2.1 ton (modelled: 3.4 ton).
The second event occurred on 2002/7/2 (identified in Fig. 6) and
delivered almost identical rainfall (11.6 mm in total) as the first
event, but the total streamflow response and SSY at the outlet were
much different. Streamflow response for the second event was
measured at 1.1 � 104 m3 (modelled: 1.8� 104 m3), while the event



Fig. 7. (a) Scatter plot of daily observed SSY and EI30, color coded with daily simulated catchment-average soil moisture; the inset figure is a zoom-in of daily observed SSY between
0 and 1 ton/d and EI30 between 0e1.2 � 104 MJ*mm*ha�1*h�1; (b) Scatter plot of daily observed SSY from 2002 to 2003 and daily simulated catchment average soil moisture.
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mean SSY was 0.066 ton (modelled: 0.054 ton). Notably, even
though the rainfall volumes and intensities were similar for these
two selected events, the first event lead to much larger runoff and
SSY at the outlet (Fig. 8a). The difference was mostly because of
strong contrast in the antecedent moisture condition between the
two cases (Fig. 8c and f). Around 88% of the catchment area was
saturated at the start of event 1, with this fraction increasing to
around 98% during the event. As a result almost the entire catch-
ment participated in runoff generation leading to larger soil loss
and larger mean SSY. This is not surprising as the catchment is fairly
small. In contrast, only around 18% of the catchment area was
saturated before event 2 and the fraction increased to around 36%
during the event. Fig. 9b and d further reinforces the narrative that
surface soil moisture influences SSY as it shows that event
Fig. 8. The hourly rainfall, observed discharge and SSY of two selected events (a,d); the sim
losses were black; the changes of saturated ratio of the simulated first layer soil moisture
responses (both streamflow and SSY) were negligible for events
from day-of-year (DOY) 200 to 290 in 2002, as the soil moisturewas
generally below saturation during this period (Fig. 9c). By day 290,
the water table was near the soil surface, which resulted in any
additional precipitation to cause saturation excess runoff. To eval-
uate the variation of SSY with soil moisture across all events, a
scatter plot between SSY and spatially averaged moisture condi-
tions in the top soil layer (of thickness¼ 10 cm)was drawn (Fig. 7b).
The figure suggests that runoff generation (from saturation excess
or infiltration excess) and hence erosion per unit event magnitude
is indeed larger when the top soil layer in the catchment is near
saturation. These results suggest that accurate prediction of spatial
distribution of soil moisture is critical for generating temporally
fine estimates of SSY. Notably, increase in soil saturation also
ulated spatial distribution of soil loss area for two selected events (b,e), area with soil
of the whole catchment (e,f); the plots for first event were on the top.
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increases soil cohesion which in turn may reduce erosion (see
Equation (7)), but its impact is negated by large runoff generation
for higher soil saturation cases. It is to be noted that the soil satu-
ration of the top soil layer is a function of coupled surface water-
groundwater-evapotranspiration interactions, and the parameters
(such as topography, subsurface soil property, land cover etc.) that
influence these processes. As such, the expressed role of surface soil
moisture on SSY indirectly highlights the need for modeling of
coupled processes in both space and time, much along the lines of
process representations implemented in GEOtop.

Suspended sediment yield from the catchment also showed
ample variations between wet and dry periods. Even though the
wet period (see Fig. 6a) spanned only around 73% of the simulation
time, it delivered 98.4% (99.9%, modeled) of the total sediment
yield. This is in line with previously reported results from both field
(Fu, 1989) and modeling experiments (Baartman et al., 2012; Zhang
et al., 2012) that have shown that a few extreme events may
contribute to a large portion of annual total soil erosion. Notably,
our research area has a temperate weather and lacks extreme
precipitation events, but nonetheless the dry period (~27% of the
total simulation time) delivered only ~1% of the total SSY.

4.2. Spatially distributed estimates of erosion and deposition

Estimates of erosion and deposition simulated by the model
displayed significant heterogeneity in both space and time. For
example, for the two selected precipitation events with similar
amounts of rainfall (Fig. 8a, d), the areal extent of soil loss and its
spatial distribution locations were very different (Fig. 8b, e). The
percentage area that participated in erosion loss was as high as 72%
in event 1, while reaching only around 14% for event 2. Similarly the
areal fraction of deposition areas were 14% and 7% respectively for
the two events. A larger erosion loss area for event 1 can again be
attributed to higher antecedent surface soil moisture in the
catchment, which leads to a larger fraction of catchment area
generating runoff. A larger volume of overland flow resulted in,
higher shear stress and hence more soil loss from larger area. For
the two years, the mean areal fraction of erosion and deposition
was 27% and 8% respectively. Both erosion and deposition areal
Fig. 9. (a) the integrated model is able to capture occurrence of runoff events after a dry p
simulated discharge per unit area; (c). observed and simulated soil moisture (top 25 cm) (
fraction were larger in wet periods than in dry periods. The varia-
tions of erosion and deposition areal portion were larger in wet
periods (Table 6). Notably, the erosion and deposition areal frac-
tions in the catchment were as large as 79% and 36% of the catch-
ment area during the two year simulation periods. These statistics
highlight that the source and sink areas in a catchment are very
dynamic and change at both event and seasonal scales. Also, given
the role of soil saturation area on runoff/erosion generation, dy-
namic mapping of source/sink areas can benefit from spatially-
explicit simulations of coupled hydrologic processes.

At the annual scale, most deposition occurred near the riparian
zone of the stream (dark blue color in Fig. 10a), due to its relatively
flat topography. Erosive losses weremainly located in the transition
area between the hillslope and the riparian zone (dark red color in
Fig. 10a), which had both large flow accumulation area and rela-
tively steep slope. The locations of erosion and deposition in terms
of slope and specific catchment area are shown in Fig. 10c and d.
Specific catchment area is the ratio of total contributing area of
each land pixel and the pixel's width perpendicular to the flow
direction. The bar plot of average erosion/deposition per unit area
for different specific catchment areas shows that in general, erosion
and deposition rates per unit area were larger with increasing
specific catchment area. Areas with larger contributing areas
generally had larger overland flow and hence larger transport ca-
pacity thus allowing more entrainment of soil particles (Fig. 10c).
Additionally, as more suspended sediment was transported to areas
with large contribution area, the possibility that the suspended
sediment concentration (SSC) exceeded the transport capacity,
especially at flatter locations, also increased. This explains the in-
crease in deposition with larger contributing areas (Fig. 10d).
Notably, total simulated soil erosive losses per unit area (Es) did not
show amonotonic trendwith slope (Fig.10c). For flatter slopes, Es is
expected to be small because of the lower flow velocities. For larger
slopes, while the local erosion at the cell under consideration is
expected to be large, the incoming sediment input may either be
small or large for a given contributing area depending on the
spatio-temporal extent of soil saturation area that determines
runoff generation. As a result, Es, which is an integrated net-
erosional response from the contributing area and the pixel
eriods. The red box identifies the periods used in panel b, c, and d; (b)observed and
d)observed and simulated daily SSY.



Table 6
The mean and standard deviation of erosion and deposition areas.

Mean erosional
area fraction

Mean depositional
area fraction

Standard deviation of erosional
area fraction

Standard deviation of depositional
area fraction

2002e2003 0.27 0.08 0.246 0.0859
Wet periods 0.33 0.11 0.2476 0.0835
Dry periods 0.11 0.02 0.1519 0.0585

Fig. 10. (a) Spatial map of soil erosion and deposition for each land pixel (unit:ton/ha/yr) for the entire two year simulation period; (b) Scatter plot between erosive loss (Es) and
slope-length factor for each land pixel; (c) Color chart of the logarithm of simulated erosive loss (log (ton)) for a range of slope (on x-axis) and specific flow accumulation area (on y-
axis). Also included on the two axes are the bar plots of total erosive losses per unit area for different slope and specific catchment area classes; (d) Color chart of the logarithm of
simulated deposition (log (ton)). Also included on the two axes are the bar plots of total deposition per unit area for different slope and specific catchment area classes. Note: grey
cells in (c) and (d) are used to identify joint classes with no data.
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under consideration, may show non-monotonic variation with
slope. This non-monotonic variation also has a tangible impact on
the relation between the length-slope (LS) factor and the total
simulated soil erosive losses per unit area (Es). Model results sug-
gest that while Es shows an overall increasing trend with LS
(Fig.10b), the relation is not one to one, and shows ample variations
around the Es-LS line (R2¼ 0.47, s2¼ 5.44).While the result is based
on only two years of simulation, it does highlight that the source
efficiency or the erosion rates (in homogeneous watersheds/hill-
slopes with uniform soil property) is not just a simple function of
contribution area and slope, and can be strongly influenced by the
dynamic spatio-temporal distribution of soil moisture conditions.

5. Summary and conclusions

In this study, we developed an open-source sediment erosion/
deposition module for a 3D surface-subsurface hydrologic model,
GEOtop, and evaluated its applicability in explaining the spatio-
temporal distribution of erosion, deposition, and sediment yield
dynamics at both plot and catchment scale. The model uses a
physically-based representation of coupled surface-subsurface hy-
drologic processes and a comprehensive land-surface energy and
water interaction scheme to simulate hydrologic response and
consequent sediment dynamics. Because of its fully distributed
nature, the model can account for spatial heterogeneity in the
watershed. As the model runs at an adaptive time interval deter-
mined by the dynamics of states, it can be used to perform simu-
lations at event to inter-decadal scales. At the plot level, the model
was evaluated at event time scale. Results show that the model was
able to capture both the trend and the quantity of runoff and sus-
pended sediment concentration (SSC) in response to events of
varying intensity and duration. At the catchment level, after
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performing a global multivariate sensitivity analyses to identify
sensitive parameters for hydrologic modeling (such as leaf area
index, rill width ratio, depth of the first soil layer, Chezy's roughness
coefficient, and vertical hydraulic conductivity of the first soil layer)
and sediment dynamics (such as Chezy's roughness coefficient, soil
median particle size, and rill width ratio), the model performance
was evaluated at daily and seasonal time scales. In general, the
model reasonably simulated both the timing and magnitude of
stream flow and suspended sediment yield (SSY) from the catch-
ment. Both streamflow and suspended sediment yield simulations
showed better agreement with observed data during wet periods
than in dry periods. The discharge volume was overestimated for
dry periods and underestimated in wet periods, while the SSY was
underestimated in both wet and dry periods. Notably, the biases in
suspended sediment yield simulationwere similar to that shown in
streamflow simulation, thus highlighting that accuracy of flow
simulations critically influences the estimation accuracy of SSY.
While our research area has a temperate maritime climate and
lacks extreme precipitation events, but still dry period (~27% of the
total simulation time) delivered only ~1% of the SSY. This un-
derscores the importance of obtaining robust calibration parameter
sets that at least perform well during wet periods, as is well
documented in nutrient export studies (Jordan et al., 2005; Nasr
et al., 2007; Ye et al., 2012). It is to be noted that the sensitivity
analysis performed for Dripsey catchment could serve as a refer-
ence for future model applications, and for prioritizing observation
of parameters to reduce the uncertainties in the erosion model.

Observed SSY from the catchment showed a non-monotonic
variation with daily precipitation magnitude. Further examination
of simulation results revealed that SSY per unit event magnitude
varied proportionally with the prevailing soil moisture. The result
indicates that accurate prediction of spatial distribution of soil
moisture is critical for generating temporally fine estimates of SSY.
Larger SSY per unit event magnitude for higher soil saturation also
indicates that large runoff generation for wetter soil moisture
conditions negated the impact of increase in soil cohesion with
moisture content. The simulation results also showed that the
source (erosion) and sink (deposition) areas in a catchment were
heterogeneous and dynamic, and could change from one event to
the next. Again, the extent of source/sink areas were found to be
influenced by prevailing moisture conditions, which in turn
determined the quantity of runoff generation. Model results also
suggest that long-term erosion rate from a location was not a
simple function of slope-length. In fact, the relation between
erosion and slope-length showed ample variations, thus high-
lighting that the source efficiency or the erosion rates (in homo-
geneous catchments/hillslopes with same rainfall forcing and
uniform soil property) can be severely influenced by the dynamic
spatio-temporal distribution of soil moisture conditions. Since the
spatio-temporal dynamics of soil moisture is dependent on coupled
process interactions such as evapo-transpiration, capillary rise and
lateral groundwater flow, aforementioned results make a compel-
ling case for spatially-explicit simulations of coupled hydrologic
processes for estimation of erosion/deposition distribution and
sediment generation.

The simulation results presented in this study do not account for
uncertainty in parameters. Also, even though the parameters in the
presented model are physically-based and can be obtained through
measurements, because of the sparseness of observed data,
disconnect between observation and model scale, and model un-
certainty, these parameters still need to be calibrated. This is a big
challenge for spatially-distributed models such as GEOtopSed, as
they are computationally demanding. Further confidence in the
modeled estimates could be built by obtaining field estimates of
states (e.g. ground water, residence time etc.) and related
parameters (e.g. rill width, soil cohesion etc.), and by implementing
the model in varied settings. The presented model version does not
account for bank-erosion processes, which limits its applicability to
watersheds with small bank erosion w.r.t. total hillslope losses. It is
to be noted that 1D representation of flow routing in channel
especially limits the calculation of lateral convective gradients and
shear, thus hindering the development of a comprehensive sedi-
ment erosion and transport module. Also, as the GEOtop model
uses kinematic wave scheme to solve for overland and channel
flow, the model is not well suited for flow and sediment yield
calculations in flow regimes with either Froude number smaller
than 0.5 or kinematic wave number smaller than 5 (Vieira, 1983).
For using the model as a predictive tool, vegetation dynamics in
response to changes in meteorological forcings and hydrologic
states need to be accounted for. In spite of aforementioned limi-
tations, the open-source integratedmodeling framework presented
here offers the potential for its use both as an evaluation and
retrospective-prediction tool, and as a virtual laboratory for un-
derstanding the role of hydrologic states and parameters on sedi-
ment dynamics.
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