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Abstract

surface runoff during high intensity rainfall.

Background: Hillslopes provide critical watershed ecosystem services such as soil erosion control and storm flow
regulation through collecting, storing, and releasing rain water. During intense rainstorms, rainfall intensity and
infiltration capacity on the hillslope control Hortonian runoff while the topographic attributes of the hillslope (e.g,,
slope, aspect, curvature) and the channel network define the structural hydraulic connectivity that determines how
rapidly excess water is transferred. This paper discusses literature on the link between topographic attributes and
hydrologic connectivity and demonstrates how this link can be used to define a parsimonious model for predicting

Main text: First, we provide a topographic characterization of the hillslope necessary to determine the structural
hydrologic connectivity of surface flow based on existing literature. Subsequently, we demonstrate a hydrologic
surface response model that routes the geomorphologic unit hydrograph (GIUH) through a spatial domain of
representative elementary hillslopes reflecting the structural hydrologic connectivity. Topographic attributes impact
flow and travel time distributions by affecting gravitational acceleration of overland flow and channel, solar
irradiance, flow deceleration by vegetation, and flow divergence/convergence.

Conclusions: We show with an example where we apply the GIUH-based model to hypothetical hillslopes that the
spatial organization of the channel network is critical in the flow and travel time distribution, and that topographic
attributes are key in obtaining simple yet accurate representations of hydrologic connectivity. Parsimonious GIUH
models of surface runoff that use this hydrologic connectivity have the advantage of low data requirements, being
scalable and applicable regardless of the spatial complexity of the hillslope, and have the potential to
fundamentally improve flood forecasting tools used in the assessment of ecosystem services.

Keywords: Hydrological processes, Hydrologic connectivity, Storm flow, Ecosystem services, GIUH

Review

Introduction

Hillslopes provide critical water-related ecosystem ser-
vices to the society by maintaining baseflow and ground-
water flow used for drinking water, agricultural
irrigation, recreation and industry, and by acting as a
temporary storage buffer to reduce flood peaks and
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potential damage that may result from flooding (Guswa
et al., 2014). The need for exploring practical approaches
to river flood risk assessment has increased given the ef-
fects of climate changes on flood magnitudes and fre-
quencies in many parts of the world (Arnell and
Gosling, 2016). Understanding the hydrologic connectiv-
ity between the hillslope and downstream water bodies
is essential within this context (McGlynn and McDon-
nell, 2003; Nelson et al., 2009). Hydrologic connectivity
is particularly important for watersheds where storm
flow is dominated by rapid surface runoff, such as in
mountainous regions with shallow soils, regions with a
Mediterranean or semi-arid climate, and in all urban en-
vironments (Hallema and Moussa, 2014). The hillslope’s
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ability to retain and release water largely controls the
hydrologic response over the course of a given rainfall
event, and affects the propagation of generated runoff
from the hillslope to the nearest channel in response to
precipitation (Robinson and Sivapalan, 1996). Flow and
travel time distributions along the hillslope can vary
considerably due to differences between surface runoff
velocities and channel (stream) flow velocities, and will
impact how quickly water is delivered to the base of the
slope (Bracken and Croke, 2007). In the example of a
cultivated hillslope in Southern France, channel flow vel-
ocities during rainstorms were only 6.3 times faster than
surface runoff velocities (0.5 vs. 0.08 m s™'; Hallema et
al, 2013) and significantly impacted peak flows down-
stream. On the other hand, surface runoff velocities in
larger baseflow-dominated watersheds can be less than
one-hundredth of typical channel flow velocities
(Emmett, 1978), and in these cases, the hillslope acts as
buffer attenuating peak flows.

Variations in flow distribution and runoff travel times
are to a large extent controlled by the topography and
infiltration capacity of the soil. Topography affects the
distribution patterns, and flow velocities of soil water
and of groundwater (Jencso et al., 2009; McGuire and
McDonnell, 2010) tend to follow the surface gradient
and elevation (Burt and Butcher, 1986; Seibert et al.,
1997; Rodhe and Seibert, 1999), and have an important
effect on gravity-driven surface runoff along the hill-
slopes and in the channel network. Topographic attri-
butes defining the gradient, overall shape, and
dimensions of the hillslope can therefore be used to esti-
mate runoff velocities (Bogaart and Troch, 2006; Thom-
meret et al., 2010). Flow distribution and travel times are
also impacted by the timing of the onset of infiltration-
excess (Hortonian) runoff, which depend on the soil
moisture content, and the presence of a surface crust
(Chahinian et al., 2005; Chahinian et al., 2006). Flow
travel times can be very rapid on hillslopes with
rainsplash-induced soil surface sealing (Hallema et al.,
2013). Flow and travel distribution can be used to
characterize the hydrologic response of the hillslope by
defining them in terms of hydrologic connectivity
(Cammeraat, 2002). In the simplest case, flow and travel
distribution is determined by the connectivity along the
hillslope, between the hillslope and the watershed, and
by a dynamic component represented by the runoff gen-
erating mechanism (Hallema and Moussa, 2014). Ele-
ments of structural connectivity interact with the
watershed hydrological processes that are strongly
dependent on the topographic controls imposed by the
landscape (Turnbull et al, 2008; Wainwright et al,
2011). Given the connectivity between the hillslope and
the watershed, changes in land cover upstream affect
river levels in the downstream basin, and can increase
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flood risk in environments under increasing pressure of
agriculture (Zhang and Schilling, 2006) and urban devel-
opment (Nirupama and Simonovic, 2007).

The need for flood control and hillslope storage of
water varies locally depending on climate, geomorph-
ology, land use, proximity to population centers, and
hydrologic connectivity between the hillslope, riparian
zone, and channel network (Shafroth et al., 2010; Thorp
et al, 2010), where human-dominated ecosystems in
agricultural and peri-urban environments generally pro-
duce more runoff than predominantly natural forest eco-
systems (Dunjé et al, 2004). Highly parameterized
process-based hydrological models are currently the
standard in flood forecasting. However, the complexity
and data requirements of process-based distributed
models often complicate calibration and validation on
real-world watersheds. A more parsimonious approach
would use the simplest possible parameterization (i.e.,
one that matches the intended purpose of the model).

In this paper, we examine the link between topo-
graphic attributes of the hillslope and hydrological pro-
cesses using a literature review, and subsequently, we
demonstrate with a simple example how the surface
hydrologic connectivity defined by these attributes can
be accounted for in a more parsimonious approach to
predicting storm runoff, based on the geomorphologic
instantaneous unit hydrograph (GIUH).

Topographic characterization of the hillslope

The interaction between topographic controls and
hydrological processes is essential in defining hydro-
logic connectivity (Bracken and Croke, 2007; Turnbull
et al,, 2008), and to quantify the interaction, it is ne-
cessary to characterize these controls and processes.
Topographic attributes can be computed from digital
elevation models (DEMs) or digital terrain models
(DTMs), and are critical in determining patterns in
hydrological processes and identifying drainage net-
works in watersheds because they define the concen-
trated flow paths along hillslopes and upstream
contributing area (Green et al., 2007).

Topographic attributes

Topographic attributes such as altitude, slope, aspect,
hillslope length, profile curvature, and plan curvature
have a large impact on overland flow and transportation
processes (Troch et al., 2003; Bogaart and Troch, 2006).
An overview of these attributes is given in Table 1. Slope
is the rate of change in elevation of the land surface and
plays a major role in overland flow generation and trans-
portation processes because it affects the soil depth and
controls the gravitational acceleration, where the former
influences the amount of material available for erosion
and the latter the erosive force of runoff. Aspect, which
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Table 1 Primary and secondary topographic attributes of hillslopes (Bogaart and Troch, 2006; Huggett, 2007)

Topographical Description Correlations
attributes
Altitude Height above reference point Indicator for climate variables (temperature, precipitation), vegetation,
and soil patterns
Slope Change in elevation (1*" derivative of elevation), Indicator of soil depth, wildland fire spread, overland flow velocity, and
steepness of terrain subsurface flow velocity
Aspect Compass direction (azimuth) of the steepest slope Solar insolation and irradiance, vegetation patterns, evapotranspiration,

Hillslope length Length between foot and peak

2nd

Profile (slope) derivative of elevation)

curvature

Rate of change in slope (

Plan (contour) Rate of change of aspect (1°*" derivative of aspect)

curvature

Wetness index where A, is the local upstream contributing area and

Bis the local slope

ecosystem differentiation
Amount of sediment supply for erosion

Overland flow acceleration, moisture patterns, erosion and deposition
rates

Converging and diverging flow path, gully erosion, alluvial fans

Moisture and vegetation patterns

is the azimuth of the steepest slope is equally important,
because it influences solar irradiance and thus the type
and density of the vegetation, and thereby indirectly
affect the amount of overland flow. Primary topographic
attributes have a variety of applications including climate
(precipitation) simulation with models such as
Parameter-elevation Regressions on Independent Slopes
Model (PRISM; Spatial Climate Analysis Service, 2004),
which uses elevation, slope, and aspect.

Hillslope length is directly related to drainage density
(Bogaart and Troch, 2006), which measures the degree
of dissection of the hillslope calculated as the total
length of the channel network divided by the drainage
area (Tucker and Bras, 1998). In the case of a random
channel network, drainage density equals approximately
twice the hillslope length. A long hillslope generates
more weathering products than a short hillslope, and the
long total channel length that comes with a long hill-
slope will favor a rapid evacuation of eroded material. A
related secondary attribute is the wetness index, or topo-
graphic wetness index (TWI; Beven and Kirkby, 1979)
used in TOPMODEL, which is a function of the up-
stream contributing area for a certain point and the
slope at the same position, and allows for modeling flow
paths and characterization of vegetation patterns. The
TWI parameter in TOPMODEL is essentially a repre-
sentation of soil moisture connectivity (Beven and
Kirkby, 1979; Bracken et al., 2013).

Profile curvature is the curvature along a flow line par-
allel to the slope, and is therefore also referred to as
slope curvature, and plan curvature is the curvature of
contour lines. The former represents the rate of change
in slope, and indicates zones of accelerating and deceler-
ating flow, while the latter marks the change in slope
aspect, and is often linked with the convergence or di-
vergence of flow and consequently the erosive force of
flow. Topographic curvature can be used to map a

network of gullies or other small channels under the
assumption that the deepest continuous line along a val-
ley bottom, or gully in this case, has a significant plan
curvature and at the same time a convergent shape
(Thommeret et al., 2010).

Hillslope elements

An often used concept to describe the hillslope morph-
ology (shape) in terms of topography is the catena,
which is a chain or sequence of slope units running from
the watershed to the valley floor. The catena can be sub-
divided according to two types of slope units: segments
and elements (Young, 1971). A hillslope segment is a
portion of the slope profile with a constant slope (slope
being a primary topographic attribute). A hillslope elem-
ent is defined using a secondary topographic attribute: it
is a part of the hillslope profile with a more or less con-
stant profile curvature. Several systems have been pro-
posed to name these hillslope elements. One example is
the system developed by Dalrymple et al. (1968), which
defines a sequence (from watershed divide to valley
floor) of interfluve, seepage slope, convex creep slope,
fall face, transportational slope, colluvial footslope, and
alluvial toeslope. This system, which is similar to a sys-
tem proposed earlier by Wood (1942) and later adapted
by King (1953), combines hydrologic, geomorphic, and
geologic characteristics and is very suitable for describ-
ing how the hillslope was formed.

However, a purely morphologic classification of hill-
slope elements based on topographic attributes, such as
the one proposed by Ruhe (1960) is preferred for hydro-
logical applications because it provides an indication of
flow acceleration on each hillslope element. Using Ruhe’s
system, hillslope elements can be defined by classifying
the profile curvature of the hillslope into five classes
(from peak to foot): summit, shoulder, backslope, foot-
slope (or glacis), and toeslope (Table 2) (Ruhe, 1960;
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Table 2 Hillslope elements based on profile curvature (Ruhe, 1960; Huggett, 2007)

Hillslope Description

element

Summit The summit is also referred to as plateau because this relatively flat zone is higher than the rest of the hillslope. Mass wasting
processes are almost absent, leaching and rainsplash dominate.

Shoulder When looking down from the summit, the shoulder below the summit has a slightly convex slope. This is where soil creep can
occur.

Backslope Part of the hillslope with a concave slope between shoulder and footslope called debris slope in the classification of King (1953).
Sediment is deposited on this part of the hillslope because overland flow is slowed down as the slope decreases in downhill
direction. Associated with mass wasting processes such as fall, flows, slides and subsidence.

Footslope Also called glacis, the (often colluvial) footslope is less concave than the backslope above it. This part of the slope is relatively stable
because sediment input is low and the most erosive streams are located downstream of the footslope.

Toeslope The toeslope or valley bottom is rather flat (1-2 % slope) and characterized by alluvial depositions with greater clay and silt content

than upstream parts. Consequently, this is often the part of the hillslope most suitable for agriculture.

Huggett, 2007). The most active part of the slope in
terms of runoff is the slightly concave backslope, or deb-
ris slope in King’s classification system (King, 1953),
where overland flow decelerates as the slope decreases
in downhill direction, leading to deposition of sediment.
Ruhe’s characterization is widely applicable, and many
hillslopes contain several of these hillslope elements de-
pending on the local geology.

Relation between topography and scale-dependent proper-
ties of channel networks

The drainage pattern or channel (stream) network is cor-
related with local topography and traverses the catena and
downstream watershed. Hack and Goodlett (1960) used a
spatial subdivision of headwater systems into four topo-
graphic units: (1) hillslopes; (2) zero-order catchments; (3)
ephemeral channels emerging from zero-order catch-
ments; and (4) first- and second channels depending on
the linkage between hillslopes and channels, and the
stream order classification. This spatial subdivision has
historically been applied to the scale of a drainage basin,
but also to first-order catchments with an area <1000 m*
(Uchida et al., 2005). A zero-order catchment defines the
minimum drainage area from which the generated runoff
has sufficient force to initiate channel development
(Schaefer et al., 1979). It has no permanently conducting
channels by definition and extends from the water divide
to the point where first-order streams begin. The location
where the first-order channel begins (the channel head) is
the zero-order outlet. The difference between hillslopes
and zero-order catchments is their relative position with
respect to the first-order channel: the zero-order catch-
ment is connected only to the headward end of the first-
order channel, whereas the hillslope is connected any-
where along a first- or higher-order channel. Fan and Bras
(1998) proposed the term headwater for zero-order catch-
ments that drain directly toward a channel head, and side-
slope for hillslopes that drain toward a channel segment.

The channel network along a hillslope or within a
watershed is in a presumed optimal state in terms of en-
ergy expenditure given the local topography and geology,
ie, a network that tends to minimize its total energy
dissipation (Rinaldo et al., 1992; Rodriguez-Iturbe and
Rinaldo, 1997). Under natural conditions, streams follow
the path of least resistance in downstream direction,
often resulting in a dendritic or rectangular drainage
pattern with a degree of self-similarity across hillslope,
watershed, and basin scales (Mandelbrot, 1982). Realiza-
tions of channel networks with a self-similar ramification
such as those found in nature can be produced using
fractals, which are continuous but non-differentiable
functions, and comparison shows that optimal channel
network computed from DEMs is very accurate and cor-
responds well with observed stream networks (Rinaldo
et al., 1998). This confirms that the effect of topographic
attributes on flow paths and by extension flow distribu-
tion and travel time distribution is not only significant at
the hillslope scale, but also on smaller and larger scales.

Hillslope surface response processes

Hillslope surface response during high-intensity storms
(maximum intensity >30 mm h™'; Martinez-Casanovas
et al, 2002; Hallema et al., 2013) is affected by hydro-
logical processes such as precipitation, evapotranspir-
ation, interception, infiltration, and runoff, which are
connected through a complex system of interactions.
The hillslope is by no means a closed system and many
of the processes communicate with systems above (cli-
mate, evapotranspiration) and underneath (geology) the
hillslope, and horizontally adjacent systems (downstream
and upstream).

Infiltration and runoff generation

Horton (1933) compared the soil surface to a “diverting
dam and head-gate” that divides net precipitation (pre-
cipitation received at the top of the vegetation canopy
less interception losses) into an infiltration component
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limited by the infiltration capacity of the soil and a sur-
face runoff component. The surface runoff component
is commonly known as Hortonian overland flow or
infiltration excess overland flow. The infiltration rate
is supply controlled (or flux controlled) at the begin-
ning of a storm (preponding infiltration; Rubin, 1966),
and as soon as the rainfall rate exceeds the infiltra-
tion capacity of the soil surface, infiltration becomes
rainpond and the resulting infiltration excess flows off
along the land surface as overland flow. In this sta-
dium, infiltration is surface controlled. Whilst infiltra-
tion excess overland flow is common under dry initial
conditions and on hillslopes with surface sealing, the
saturation excess overland flow generating mechanism
is more common under temperate climate conditions
with frequent, low intensity precipitation, and occurs
when the soil is saturated and unable to absorb more
water (Dunne and Black, 1970). Under such condi-
tions, infiltration is soil controlled or more specific-
ally, profile controlled when the infiltration capacity
of the topsoil exceeds that of the underlying soil
layers, and the decline rate of the infiltration capacity
depends on soil structure, texture, and water content.
A special form of infiltration is channel infiltration,
which is the infiltration into the channel bed and
results in a loss of water in downstream direction.
The reverse process, channel seepage, occurs when
groundwater surfaces on the face of a stream bank or
exfiltrates into the channel.

Overland flow and concentrated flow

The excess water that runs off along the hillslope is
called overland flow or surface runoff, and flows as un-
steady, non-uniform flow over the land surface in the
direction of the steepest slope, into a stream, drain,
depression, and lake. The amount equals gross precipita-
tion less interception, evaporation, and infiltration.
Where overland flow and interrill flow are concentrated,
erosive forces form narrow and shallow incisions in the
soil that concentrate the turbulent flow into rill flow,
which eventually ends up in a stream or river (Huggett,
2007). Under most natural circumstances, overland flow
does not occur in the form of unconcentrated sheet flow
as described by traditional concepts, but rather as
unsteady non-uniform concentrated flow in small rivu-
lets (Dunne, 1978; Beven et al., 2000; Wagener et al.,
2004) or, in the case of runoff on agricultural land, as
interrill flow (Morgan, 1980). If the erosive forces in-
crease even more, gullies are formed that drain the hill-
slope into a nearby channel or stream. Concentrated
open-channel flow is also unsteady and non-uniform in
nature, and is observed in rills, gullies, rivers, streams,
or open drains (Chow et al., 1988).
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Storm flow and hillslope response

Storm flow during high-intensity rainfall is a special case
of hillslope response characterized by an array of flow
types that vary throughout the watershed and are sus-
ceptible to time-dependent change depending on topog-
raphy, climate, soils, geology, land cover, vegetation,
seasonality, and disturbance factors including wildland
fire, agriculture, forest management activities, and water
management. The hillslope response during storm flow
depends on direct runoff composed of surface runoff
(infiltration excess or saturation excess runoff; Horton,
1938; Dunne and Black, 1970) and subsurface storm
flow. Although both mechanisms provide the fast-flow
component of runoff (Hewlett and Hibbert, 1967;
Agnese et al, 2001), the former has a faster response
time than the latter because the residence time of water
at the surface is shorter than the residence time of water
in the soil. Fast hillslope response occurs on both convex
and concave hillslopes, whereas slower hillslope re-
sponse is associated with the process of subsurface
storm flow and is mostly observed on convex hillslopes
with deeply incised channels. The hillslope response is
usually evaluated separately from the stream network re-
sponse, which is the process of transport of all hillslope
contributions toward the watershed outlet (Robinson
and Sivapalan, 1996).

In Mediterranean and semi-arid watersheds, storm
flow can follow a progression of dominance that begins
with overland flow and ends with baseflow (Hallema et
al, 2013), which is nearly the reverse of patterns ob-
served under a temperate climate, where storm flow
under saturated conditions is typically characterized by a
progression of dominance by base flow, base flow diluted
with channel precipitation and overland flow on zones
that were already saturated at the beginning of the
storm, overland flow, subsurface flow, or throughflow,
and base flow mixed with seepage from saturated zones
(Pionke and DeWalle 1994). This happens because near-
zero infiltration conditions are common in Mediterra-
nean and semi-arid hillslopes with soil surface sealing
(structural crust), and last until the sealing layer is fully
wetted. The time required for this wetting process can
exceed the duration of a convective rainstorm, in which
case, runoff is dominated by infiltration-excess runoff
and may be extended further as a result of the rainsplash
occurring during the storm itself. This phenomenon can
boost overland flow contributions to peak flows of 80 %
in headwater catchments (Ribolzi et al., 2000). Many var-
iations of flow progression exist, given that storm flow
generation depends on climatic conditions, geology, soil,
and topography; however, in most cases, the effect of
evapotranspiration on the storm flow water balance is
negligible for the duration of the storm due to cloud
cover (Hallema et al., 2013). The hillslope response and
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stream network response combined give the watershed
response, where their relative importance depends on
the watershed shape and size. Hillslope response is more
important relative to stream responses in smaller water-
sheds because the relative residence time of water on
these hillslopes is relatively long (Robinson et al., 1995;
Wooding, 1965), and therefore, understanding the hill-
slope response is essential for effective water manage-
ment and flood forecasting.

Modeling hillslope surface response

The appropriate model complexity for a particular situation
depends on the intended purpose of the model. Computa-
tional modeling involves parameterization, where the num-
ber of calibration parameters are reduced (Refsgaard,
1997). The principle of parsimony dictates that models
should have the simplest possible parameterization that
correctly represents the data according to a set of prede-
fined criteria (Box and Jenkins, 1976).

Evolution of hillslope response models

A parsimonious model for storm flow response will
account for the mere sum plus the interaction of runoff
contributing processes, and the first to develop such a
model was most likely Horton (1938). His model was a
simplification of the Saint-Venant (shallow water) equa-
tions formulated for overland flow. Under the kinematic
assumption that the friction slope equals the bed slope
(Henderson and Wooding, 1964) and assuming transi-
tional flow conditions, i.e., a water surface profile with a
transitional flow regime between laminar and turbulent
flow, Horton defined a one-dimensional, non-linear
storage-based overland flow model. The non-linear rela-
tionship between rainfall intensity and hillslope response
was found following an analytical solution of the differ-
ential equation governing flow on the hillslope. Horton’s
storage-based model does not account for spatial vari-
ability in rainfall, topography, and surface roughness;
nevertheless, it is believed to be equivalent in accuracy
to more complex models when applied to the watershed
scale (Robinson et al., 1996).

Robinson et al. (1995) and Robinson and Sivapalan
(1996) used the approximate quasi-steady-state formu-
lation of Horton (1938) and Rose et al. (1983) to es-
tablish the analytical solutions of the mass balance
equations and define separate lumped hillslope
models for overland flow and subsurface storm flow.
These were then used to derive the instantaneous re-
sponse functions (IRF), which defines the rate of run-
off generation at the base of a hillslope in terms of
its length along the contributing surface, gradient,
depth of flow, surface storage, and rainfall excess.
Robinson and Sivapalan’s approximate solution to the
overland flow equation was further elaborated by
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Agnese et al. (2001) to obtain a hillslope response
model for overland flow, which expressed the time re-
quired to obtain a steady ratio of runoff to rainfall in
a function that depends on the initial flow conditions,
rainfall excess, a hillslope geometry parameter, and a
parameter indicating the flow regime. This hillslope
response model for overland flow has an important
advantage over Horton’s model (Horton, 1938),
namely that it accounts for laminar, turbulent, and
transitional flow regimes and not only for transitional
flow.

More recent models such as the hillslope-storage
Boussinesq (HSB; Troch et al., 2003) model explicitly
account for subsurface storm flow in terms of profile
curvature and plan shape. This model is based on
Boussinesq’s hydraulic groundwater theory formulated
in terms of subsurface water storage, and results
demonstrated that convergent hillslopes drain more
slowly than divergent hillslope, yielding a bell-shaped
hydrograph versus a highly peaked hydrograph due to
a reduced flow domain near the outlet for convergent
slopes (Troch et al., 2003). The HSB model compared
well to more complex models of subsurface flow such
as the three-dimension Richards equation (Paniconi
et al, 2003); however, it has never been used for
storm flow modeling at the watershed scale (Matonse
and Kroll, 2009).

More process-based integrated distributed hydrological
models such as Gestion Intégrée des Bassins versants a
l'aide d'un Systéme Informatisé (GIBSL Villeneuve et al,
1998; Rousseau et al., 2000) and Modélisation Hydrologi-
que Distribuée des Agrosystemes (MHYDAS; Moussa et
al,, 2002) rely on a defined spatial topology and account
for a wide variety of hydrological processes at the water-
shed (MHYDAS) and basin (GIBSI) scales (infiltration,
runoff, flow routing, nutrient cycling, erosion). These dis-
tributed models are very suitable for complex landscapes
in agricultural and mixed land use watersheds, and have
been used for storm flow modeling (Hallema et al.,, 2013),
erosion control studies (Gumiere et al.,, 2013; Gosselin et
al. 2016), and the assessment of agricultural best manage-
ment practices (Rousseau et al, 2013). Runoff velocities
and parameterization of physically based erosion models
are often based on the topographic attributes calculated
from digital elevation models, and vary spatially depen-
ding on the position along the hillslope (e.g., hillslope
elements defined by Ruhe).

Notwithstanding, the versatility and usefulness of inte-
grated distributed hydrological models, parameterization
requires substantial amounts of spatial data (Hallema
et al., 2013), which can be difficult to obtain for soil hy-
draulic models in particular (Gumiere et al, 2015;
Hallema et al., 2015a, b). Other challenges include defin-
ing the initial state of the system (e.g., initial soil
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moisture content; Hallema et al., 2013; 2014), and in
terms of model parsimony, the question is often what
the physical meaning is when the results of process
models formulated for a smaller scale (e.g., infiltration
models) are upscaled to the hillslope and watershed
scales.

Modeling hydrologic connectivity with the geomorphologic

instantaneous unit hydrograph (GIUH) approach

Where hydrological data are sparse, scaling issues in
surface runoff modeling can be dealt more effectively by
integrating topographical indicators of structural hydro-
logic connectivity. Topographic attributes affect flow
and travel time distributions along the hillslope in
several ways: the gradient of the hillslope affects the
amount of runoff generated and the gravitational accel-
eration of overland flow and channel flow. Slope curva-
ture affects flow patterns by converging or diverging
flow paths along the hillslope. Rodriguez-Iturbe and
Valdés (1979) proposed a unifying theory that links the
instantaneous unit hydrograph (IUH; which is the direct
runoff hydrograph produced during a storm in response
to a unit of rainfall) to the geomorphologic parameters
of the watershed. This yielded the GIUH, a conceptual
model of overland and stream flow routing at the water-
shed scale. The GIUH was later formalized by Rinaldo
and Rodriguez-Iturbe (1996) and assumes that when
rainfall is applied uniformly on the watershed, runoff is
also generated uniformly. Thus, the theory provides a
description of the structural connectivity between the
hillslopes and channel network.

General equations were proposed that express the
GIUH as a function of Horton’s bifurcation ratio Rp,
length ratio R;, area ratio Ry, scale parameter L, and the
mean stream flow velocity v.. The GIUH based on
Horton’s ratios was subsequently used to simulate hydro-
logic response under various conditions (Gupta and
Waymire, 1998; Saco and Kumar, 2002a, 2002b; Bhunya
et al., 2003; Rodriguez et al, 2005; Kumar et al., 2007;
Singh et al,, 2007; Bhunya et al., 2008; Lee et al., 2008),
and even to estimate peak flows (Sorman, 1995). The
GIUH can be applied for a wide range of watersheds and
storm characteristics because its variability is accounted
for by flow velocity parameters, and this makes the GIUH
a very parsimonious model. In addition, it avoids nume-
rical instabilities for which the diffusion and kinematic
wave approximations are known.

Other formulations of the GIUH are based on the geo-
morphologic width function wjx) (WFIUH; Shreve,
1969; Kirkby, 1976), which defines the lines of equal flow
distance from the watershed outlet and is considered
more accurate than GIUHs based on Strahler’s and Hor-
ton’s order ratios (Snell and Sivapalan 1994). Assuming
that the runoff wave is not attenuated as it travels along
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the hillslopes and channel network, the WFIUH is a
function of flow velocity and distance. The geomorphol-
ogic width function uses the underlying assumption of
the GIUH theory that takes the IUH equal to the prob-
ability density function of the travel times between any
location within the watershed and the watershed outlet.
It can therefore be used to express the hydrologic
response of the stream network to an instantaneous
rainfall (Mesa and Mifflin 1986). When this approach is
applied to the entire hillslope or watershed, the width
function defines the number of links at a given flow
length from a given outlet, which is a function of the
flow distances and flow velocity distribution on hill-
slopes and in the stream network.

lllustration of storm flow modeling with the width function-
based geomorphologic instantaneous unit hydrograph
(WFIUH)

Hydrograph prediction is a key element of flood fore-
casting in watersheds; however, the reality of hydrologic
modeling is that we deal with a wide range of topo-
graphical complexity for any given hillslope. Cultivated
hillslopes and urban environments no longer have nat-
ural gradients, and surface channel networks have a
greater drainage density, resulting in connectivity pat-
terns that are more complex relative to natural connect-
ivity patterns on undisturbed hillslopes (Hallema and
Moussa, 2014). Agricultural fields also have a generally
lower canopy density than the natural vegetation (Fig. 1),
which makes them more vulnerable to erosion and nu-
trient flushing. Ruhe’s subdivision of the hillslope into
hillslope elements based on profile curvature is not very
suitable for these environments; therefore, Hallema and
Moussa (2014) proposed to subdivide the hillslope into
representative elementary hillslopes (REH) where flow is
considered uniform and unidirectional. Assuming flow
rate vy, for surface runoff, v, for flow in transverse chan-
nels (perpendicular to the slope direction), and v, for
flow in longitudinal channels (parallel to the hillslope),
and assuming that the runoff wave is not dispersed as it
propagates down the hillslopes and channels, the hydro-
graph can be found by solving the width function for the
entire hillslope (Hallema and Moussa, 2014). The inte-
gral of all width functions wj(x) for an REH equals the
REH drainage area A

/0 maij(x)dx = A; (1)

where L., is the maximum flow distance (length of
the longest flow path) and dx is the length unit or cell
length if a square grid is used to solve the width func-
tion. The GIUH of the spatial domain (hillslope,
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Fig. 1 Leaf cover on agricultural hillslopes is very sparse, which enhances rainfall impact at the soil surface and results in the formation of a
sealing layer that impedes the infiltration process. High runoff rates are a common issue on these hillslopes
A

watershed, or basin) is the sum of all REH responses
(Moussa, 1997; Moussa, 2008):

=Y wi) (2)

where elementary width function wj(x) of the REH is
characterized by (among others) peak flow Q,, time of
concentration £, and center of gravity of the hydrograph
feg, in formula:

wi=f (Qp;,tc,ffcgJ) (3)

Figure 2 shows the characteristic GIUH generated by
an REH measuring 200 x 50 m observed at the water-
shed outlet O in response to a unit input and character-
istic flow velocities in a Mediterranean cultivated
watershed (Table 3; Hallema et al., 2013), compared to a
scenario of increased drainage density (more channels).
In this example, introducing an extra drainage channel
on the hillslope results in accelerated runoff (¢, of 425
vs. 625 s; Table 3) and a 100 % higher peak flow (Q, of
0.02 vs. 0.01 m® s™").

The effect of topographic attributes on flow and travel
time distributions is not limited to hillslopes but extends
to zero and higher order catchments and to smaller
scales such as the plot scale. A high level of connectivity
between the hillslope and channel network increases the
flashiness of the hydrologic regime, and this directly im-
pacts the short-term variability in downstream outflow.
On the other hand, there are cases where the connection
between the hillslope and channel network is not well
established, which can lead to inundations. Therefore, a

proper characterization of flow paths, timing, and
velocity distribution of runoff is essential in determining
the flashiness of the hydrologic regime (Baker et al,
2004). The WFIUH has an important advantage over
other models in this regard, because watershed-scale
simulations can be performed by simply taking the sum
of hillslope GIUHs and calculating a composite WFIUH
that characterizes the hydrologic response of the water-
shed as a whole (Fig. 3).

Discussion

WFIUH and the evaluation of ecosystem services

The WFIUH model is a very useful tool for evaluat-
ing ecosystem services related flood risk assessment,
runoff abatement, and erosion control, as illustrated
in a previous study on the combined effects of drain-
age density and terrace cultivation in Southern France
(Hallema and Moussa, 2014). Here, a greater drainage
density resulted in accelerated runoff during storm rain-
fall, while an increased number of terrace levels along the
hillslope diminished the surface gradient, thereby delaying
response times and attenuating peak flows (Hallema and
Moussa, 2014). These results are in line with observations
in many other parts of the world (Di Lazzaro et al., 2015;
Wei et al.,, 2016). For example, Kovér et al. (2016) found
similar effects of agricultural terraces on storm runoff on
a similar-sized hillslope in Bohemia (Czech Republic);
however, they used the kinematic wave approximation to
route storm flow because of lower rainfall intensities and a
possibly greater relative contribution from subsurface flow
compared to Mediterranean and semi-arid watersheds.
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WFIUH-based runoff simulations are most accurate
for systems dominated by surface processes, not because
the underlying theory would not apply to subsurface
flow but because flow paths of lateral subsurface drain-
age, groundwater, and preferential flow bypassing the
soil matrix are extremely difficult to map or predict. The
WEFIUH can in fact be used to estimate the age of water,
but this age often deviates from the age found in tracer
studies (Rigon et al.,, 2016). Efforts were made to include
estimates of evapotranspiration (ET) to improve esti-
mates of travel time distributions (Botter et al., 2011),
which has proven valuable for hydrochemical models in

Table 3 Characteristic hydrologic responses for the reference
hillslope and hillslope with increased drainage density at
watershed outlet O, for an input of h=0.001 m and parameter
values AC=200m, AB=50m, v,=02ms ', v,=1ms |, v, =
1m s, travel time between the base of the hillslope and
watershed outlet tpo =100 s, grid cell size dx=1 m and time
interval dt=10s

Hillslope scenario Q, (m*s™) 0 t. (s) teg (5)
Reference 0.01 148 1150 625
Increased drainage density 0.02 248 752 425

Q, is simulated peak flow at the catchment outlet, t, is peak time, t. is time of
concentration, and t, is the center of gravity of the hydrograph

temperate lowlands (Benettin et al., 2013). However,
storm runoff predictions for environments dominated by
Hortonian runoff such as those in the Mediterranean
Region will not necessarily improve by accounting for
ET because most water never infiltrates during the initial
stage of a storm (Andrieux et al., 1996). Even at the sur-
face where flow paths and local variations in topography
can be mapped in great detail using LiDAR altimetry
(Bailly et al., 2008; Cazorzi et al., 2013; Sofia et al., 2016)
and validated with camera footage (Kean et al., 2013),
the exact flow velocity distributions are often unknown
and must be estimated based on slope and available data
on surface roughness and vegetation.

Regardless, these limitations will likely disappear over
time as sensor systems continue to evolve, and are out-
weighed by the benefits of using the WFIUH model of
hydrologic connectivity for evaluating flood risk. Con-
trary to most distributed runoff models, the WFIUH
describes the hydrologic response solely in terms of flow
distance to a given outlet point meaning that all its pa-
rameters can be derived directly from a DEM or DTM.
In the present era of LiDAR based DTMs, this also
implies that we can better deal with the increasing com-
plexity of runoff response to intense rainfall for a greater
drainage area (Bel et al., 2016) by making optimal use of
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the scalability of the GIUH. Applied to a variety of scales
(hillslope to basin) and channel ramifications (dendritic
or rectangular), the WFIUH contributes to the funda-
mental understanding of hydrologic connectivity across
scales and the improvement of tools for modeling eco-
system services such as flood forecasting in response to
land cover changes and climate variability.

Future challenges

Recent studies have explored the concept of functional
hydraulic connectivity as a driver of Hortonian runoff
and erosion (Reaney et al, 2014; Williams et al., 2016),
which is different from structural connectivity in the
sense that it accounts for the possibility that spatial pat-
terns in the landscape (structural elements) can also
change with time (Bracken et al, 2013). The functional
connectivity is defined by dynamic processes such as the
formation of preferential flow paths during storm rain-
fall, and oftentimes, the structural connectivity controls
the functional connectivity and ecological processes, for
example, when vegetation concentrates around existing
runoff channels (Puigdefabrégas, 2005) and when wild-
fires create preferential surface flow paths (Moody et al.,
2016). In the latter case, soil hydrophobicity resulting
from heat effects creates patterns of variable wettability
near the soil surface, where the burned areas can gener-
ate as much runoff as a paved surface, while the func-
tional connectivity of unburned areas along the hillslope
gradient has a large effect on runoff generation,

reinfiltration, and propagation of concentrated flow
(Moody et al., 2016). Once the two or three most signifi-
cant processes affecting storm runoff have been identi-
fied (usually infiltration and open surface flow), spatial
connectivity can be defined for each process separately
and combined into one connectivity model. This
approach can eventually lead to basin scale hydrologic
models that preserve the parsimonious character of the
width function, and will prove elementary in the under-
standing of hillslope response under a variety of condi-
tions, including the effects of agriculture and wildland
fire disturbance on runoff (Hallema and Moussa, 2014;
Hallema et al. in review).

Conclusions

In this paper, we discussed the relation between hillslope
topography and hillslope surface response and their
impact on hydrologic connectivity along the hillslope
and between the hillslope and the watershed during high
intensity rainfall. The impact of these topographic attri-
butes on flow and travel time distributions plays out
along the entire hillslope and affects the amount of run-
off delivered at the base of the hillslope and the stream
network. We developed a runoff response model by sim-
ply determining the hydrologic connectivity from a
DEM or DTM and adding the elementary responses of
contributing flow paths at any point along a stream or
drainage channel. The WFIUH thus provides a simple
yet effective representation of runoff generation and flow
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propagation, thereby contributing to the improvement of
tools for modeling ecosystem services such as flood fore-
casting in response to land cover changes and climate
variability. Our work addresses the need for a watershed
scale adaptation of the parsimonious GIUH-based model
supported by the scaling issues encountered in the
parameterization of process-based hydrological models,
notably of soil hydraulic properties.
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