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Water Resources Engineering
Case study of the Parma River fluvial system, Italy
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Flood Control
2255 Monte Carlo experiments (precipitations having return period T = 200 a)

0.5 0.6 0.7 0.8
? (-)

1

1.5

2
v 

(m
 s

-1
)

CC

9 10 11 12

SPT (106 m3)

12

14

16

18

S
B

1T
 (1

0
6
 m

3
)

CC

0.5 0.6 0.7 0.8
? (-)

1

1.5

2

v 
(m

 s
-1

)

SA

9 10 11 12

SPT (106 m3)

12

14

16

18

S
B

1T
 (1

0
6
 m

3
)

SA



Catchment Hydrologic Modeling Terrain Analysis Surface Flow Propagation Final Remarks

Flood Control Problem
What is the correct level of protection we need?

Panaro River, 2012

Scientific American,
2013

8/30/13 10:05 AMSans Protective Measures, Flooding Damage Could Cost the World $1 Trillion by 2050: Scientific American

Page 1 of 5http://www.scientificamerican.com/article.cfm?id=sans-protective-measures-flooding-damage-cost-world-trillion-2050

Image: Flickr

New flood research makes one thing clear
about the deleterious effects of global
warming: they are not problems developing
nations will have to face alone.

As Earth warms and sea levels rise,
governments in vulnerable areas will have a
tough choice to make. Whereas more
affluent nations will likely spend millions on
structural flood barriers to protect existing
coastal real estate, poorer regions with more
transient populations may need to
encourage settlement in safer inland areas.
In places that do choose to fork over the
cash for protection systems the frequency of
floods will decrease, but those that are big
and strong enough to breach the barriers
will be more devastating.

World Bank economist Stephane Hallegatte,
along with a team of scientists and
engineers, studied 136 cities across the
world to see how each would fare as sea
levels rise between 2005 and 2050. Their
study, commissioned by the Organization
for Economic Cooperation and Development
(OECD) was published in the August 18
edition of Nature Climate Change.
(Scientific American is part of Nature
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Sans Protective Measures, Flooding
Damage Could Cost the World $1
Trillion by 2050
Coastal cities—rich and poor—share the risk, and face tough decisions about how to adapt to

rising seas and stronger storms

By Erin Brodwin
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Because strengthening (retrofitting) an older building 
can cost between 25% and 70% of the building’s value, we 
recommend this approach for only the most critical 
structures [Arikan et al., 2005; McMonies, 2016]. For exam-
ple, the Bangladeshi government has decided to retrofit 
some fire stations.

Outside of critical infrastructure, the ideal case is when 
tenants would pay more for ensuring the safety of their 
buildings. However, conditions are not always ideal.

Erdik and Durukal [2008] report on similar issues faced 
in Istanbul, a comparable setting. Assessments showed 
that retrofits would cost about 40% of replacement value. 
Their study showed that Istanbul residents viewed this 
“as an investment with no financial return and, as such, 
no conceivable reduction in insurance premium, property 
tax, or building permit fees would be sufficient to create 
an incentive for retrofitting.” This response was rational, 
unless one postulates a high probability of major damage 
on a short timescale [Kenny, 2009]. Hence, a major retro-
fitting program would require large investment of public 
funds, which is unrealistic given other needs.

Putting It All Together
Recommendations by World Bank and Earthquakes and 
Megacities Initiative [2014] favor raising public earth-
quake awareness; building competency for architects, 
engineers, planners, and construction professionals; 
improving emergency response; and planning land use 
in a  risk-  sensitive manner. Ongoing programs, such as 
the annual U.S.-  Bangladesh Pacific Resilience Disaster 
Response Exercise and Exchange, the Global Facility for 
Disaster Reduction and Recovery program, and the Com-
prehensive Disaster Management Programme, build 
toward these goals.

Robust risk management is practical, even for develop-
ing nations. It involves recognizing uncertainties and 
developing policies that should give a reasonable outcome 
for a range of the possible hazard and loss scenarios. It 
requires accepting the need for humility in the face of the 
complexities and capriciousness of nature while making 
realistic policies that the public accepts. Although  long- 
 term investments in risk reduction compete with imme-
diate needs, they will pay back handsomely should a 
major earthquake strike.
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Levee Failure Along the Secchia River, January 2014
Breach loss = 36 × 106 m3, flooded area = 52 km2, damage = EUR 500 million

When the flood calls
You have no home, you have no walls

Peter Gabriel – Here Comes The Flood (Peter Gabriel I, 1977)
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Investigation on Causes of the Levee Failure
Wanted by the Governor of the Regione Emilia-Romagna Vasco Errani
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Evidence of an emerging levee failure mechanism causing
disastrous floods in Italy
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Abstract A levee failure occurred along the Secchia River, Northern Italy, on 19 January 2014, resulting in
flood damage in excess of $500 million. In response to this failure, immediate surveillance of other levees in
the region led to the identification of a second breach developing on the neighboring Panaro River, where
rapid mitigation efforts were successful in averting a full levee failure. The paired breach events that occurred
along the Secchia and Panaro Rivers provided an excellent window on an emerging levee failure mechanism.
In the Secchia River, by combining the information content of photographs taken from helicopters in the early
stage of breach development and 10 cm resolution aerial photographs taken in 2010 and 2012, animal bur-
rows were found to exist in the precise levee location where the breach originated. In the Panaro River, inter-
nal erosion was observed to occur at a location where a crested porcupine den was known to exist and this
erosion led to the collapse of the levee top. This paper uses detailed numerical modeling of rainfall, river flow,
and variably saturated flow in the levee to explore the hydraulic and geotechnical mechanisms that were trig-
gered along the Secchia and Panaro Rivers by activities of burrowing animals leading to levee failures. As hab-
itats become more fragmented and constrained along river corridors, it is possible that this failure mechanism
could become more prevalent and, therefore, will demand greater attention in both the design and mainte-
nance of earthen hydraulic structures as well as in wildlife management.

1. Introduction

Burrowing animals are acknowledged by agencies responsible for earthen dams and levees to have an
adverse impact on the integrity of these flood control structures [e.g., Federal Emergency Management Agency,
2005]. Such degradation of earthen dams and levees have been observed in the field, and advanced methods
for the continuous monitoring of these structures have been proposed [Chlaib et al., 2014; Perri et al., 2014].
Only a few papers, however, have explicitly and mechanistically connected piping erosion responsible for the
failure of earthen structures to preferential flow extending along paths developed by burrowing animals
[Carroll, 1949; Masannat, 1980; Bayoumi and Meguid, 2011]. Information about wildlife activity and related
earthen structure safety is generally limited to the gray literature and maintenance reports [e.g., Federal Emer-
gency Management Agency, 2005]. Wildlife activity is not even mentioned among the relevant factors causing
the failure of earthen dams and levees in many classical geotechnical engineering textbooks and specific tech-
nical reports [e.g., Terzaghi et al., 1996; Resio et al., 2011]. In fact, animal burrows are still rarely acknowledged
by engineers, technicians, and land managers to be a serious threat of dam and levee failure.

On the other hand, wildlife activity along fluvial systems is rapidly increasing in many regions of the world
as a result of the institution of fluvial parks acting efficiently as wildlife movement corridors [Soul"e and
Gilpin, 1991; McEuen, 1993; Bennett, 1999]. There is therefore an urgent need to raise awareness about the
emergent risk connected to impacts on earthen flood control structures of animals, including added pres-
sures by invasive species, habitat fragmentation and shifts, as often driven by development and climate
pressures. Relevant pieces of the puzzle are available. For example, extensive biological studies exist on the
structure and function of wild animal dens [e.g., Reynolds and Wakkinen, 1987; Roper, 1992a; Monetti et al.,
2005]. In addition, several attempts have been made to provide a hydraulic characterization of natural pipes
subjected to flow and internal erosion processes [e.g., Wilson et al., 2012]. However, the full picture has not
yet been examined at the field scale in the context of a documented failure. Key broader research questions
that need to be addressed include the following:

Key Points:
! Animal burrows are demonstrated to

be a serious threat of earthen levee
failure
! Internal flow and erosion around a

den can cause the collapse of the
levee top
! Internal flow may initiate due to

direct inflow into the den or den wall
failure

Supporting Information:
! Supporting Information S1
! Figure S1
! Figure S2
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Water Supply for Public, Irrigation, and Hydropower Uses
Cost-benefit analysis of the Armorano reservoir (observed precipitations)
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Water Supply for Public, Irrigation, and Hydropower Uses
Cost-benefit analysis of the Armorano reservoir (observed precipitations)
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Optimal Height of the Dam
Cost-benefit analysis of the Armorano reservoir (observed precipitations)
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Catchment Hydrologic Modeling
The CATHY Model (Camporese, Putti, Paniconi, Orlandini, 2010, WRR)

Distributed modeling Surface-subsurface flow interaction

surface−subsurface interface

i fe

ep

ψ

subsurface flow module

h surface flow module

atmosphering forcing
i

f

3-D Richards equation-based subsurface module +
1-D rivulet/channel network diffusion wave surface module
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Overland Flow Phenomenology
(Raudkivi, 1979, p. 170 and 171)

When the rate of rainfall or snowmelt exceeds the interception
requirements and the rate of infiltration, water starts to accumulate on
the surface. At first the excess water collects into the small
depressions and hollows, until the surface detention requirements are
satisfied. After that water begins to move down the slope as a thin
film and tiny streams. This early stage of overland flow is greatly
influenced by surface tension and friction forces. With continuing
rainfall the depth of surface detention and the rate of overland flow
increase, but the paths of the small streams on the surface of the
catchment are still tortuous and full of obstructions. Every small
obstruction causes a delay until the upstream level has risen to
overflow the obstacle or to wash it away. On release a small wave
speeds downstream and merges with another little rivulet. The
merging of more and more of these little streams culminates in the
river which drains the whole catchment in question.



Catchment Hydrologic Modeling Terrain Analysis Surface Flow Propagation Final Remarks

Overland Flow Modeling
Resistance coefficients remain poorly understood!

Governing equations: dynamic, diffusion, and kinematc
wave equations, level pool routing equation
Constitutive equations: Gauckler-Manning-Strickler
equation

U =
1
n

R2/3 S1/2
f ,

reservoir storage and outflow equations
Numerical methods: 0-D, 1-D, 2-D / FDM, FEM, and FVM
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Terrain Analysis
Not only important to describe surface flows!

Definition
Terrain analysis is the analysis
and interpretation of topographic
features. Such features include
elevation, slope, aspect, plan and
profile curvature, drainage area,
and specific drainage area. The
intention is to build mathematical
abstraction of surface terrain in
order to delineate or stratify
landscapes and create an
understanding of relationships
between hydrological,
geomorphological, and ecological
processes and physical terrain
features.

Lidar survey
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The Problem of Terrain Representation
(http://en.wikipedia.org/wiki/Fractal)
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The Problem of Terrain Representation
(http://en.wikipedia.org/wiki/Fractal)
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The Problem of Terrain Representation
(http://en.wikipedia.org/wiki/Fractal)
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The Problem of Terrain Representation
(http://en.wikipedia.org/wiki/Fractal)
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Slope Lines
(Cayley, 1859, London Edinburgh Dublin Philos. Mag. J. Sci.; Maxwell, 1870,
London Edinburgh Dublin Philos. Mag. J. Sci.)

James Clerk Maxwell

G^m^s^

^i,o^laA^^ o^V^ ^'^

On hills and dales
240 HILLS AND DALES.

If we put L equal to the whole number of lines, and P equal to the

whole number of points, we find that F, the number of natural districts

named from a hill and a dale together, is equal to W, the number of water-

sheds or watercourses, or to the whole number of summits, bottoms, passes,

and bars diminished by 2.

Chart of an Inland Basin.

/,, 7^, /j, /,. Lowest points, Bottoms or Immits.

/S',, S^, S^, S^. Highest points, Tops or Summits.

B^, B^, B^. Bars between regions of depression.

7, B^ 7j, he. Lines of Watercourse.

aS', Pj S^ (fee. Lines of Watershed.

Dotted line. Contour-lines.
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Skeleton Construction Techniques
(Gold and Snoeyink, 2001, Algorithmica; Moretti and Orlandini, 2008, WRR)
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Skeleton Construction Techniques
(Moretti and Orlandini, 2008, WRR)

Skeleton
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Skeleton Construction Techniques
(Moretti and Orlandini, 2008, WRR)
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A classical flow net is not suited to natural landscapes (Moore and Grayson,
1991, WRR). However, these methods may perhaps be used in the future in
combination with the Gallant and Hutchinson’s (2011, WRR) equations

dA
dv

= a,
da
du

= 1 − ka.

These equations lead drainage basin hydrology into continuum mechanics.
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A New Differential Equation!
(Gallant and Hutchinson, 2011, WRR)

A differential equation for specific catchment area

John C. Gallant1 and Michael F. Hutchinson2

Received 20 August 2009; revised 21 February 2011; accepted 28 February 2011; published 25 May 2011.

[1] Analysis of the behavior of specific catchment area in a stream tube leads to a simple
nonlinear differential equation describing the rate of change of specific catchment area
along a flow path. The differential equation can be integrated numerically along a
flow path to calculate specific catchment area at any point on a digital elevation model
without requiring the usual estimates of catchment area and width. The method is
more computationally intensive than most grid‐based methods for calculating specific
catchment area, so its main application is as a reference against which conventional
methods can be tested. This is the first method that provides a benchmark for more
approximate methods in complex terrain with both convergent and divergent areas, not just
on simple surfaces for which analytical solutions are known. Preliminary evaluation of
the D8, M8, digital elevation model networks (DEMON), and D∞ methods indicate that
the D∞ method is the best of those methods for estimating specific catchment area, but
all methods overestimate in divergent terrain.

Citation: Gallant, J. C., and M. F. Hutchinson (2011), A differential equation for specific catchment area, Water Resour. Res.,
47, W05535, doi:10.1029/2009WR008540.

1. Introduction

[2] Specific catchment area a is one of the most commonly
used hydrological terrain attributes. On its own it can be used
as a surrogate for discharge per unit flow width, and it is
commonly used in combination with slope S as either the
topographic wetness index TWI = ln (a/S) [Beven and
Kirkby, 1979; Quinn et al., 1991, 1995] or as the stream
power index w = aS [Moore and Burch, 1986; Moore and
Wilson, 1992]. These indices have many applications in
predicting patterns of saturation [Beven and Kirkby, 1979;
Güntner et al., 2004], saturated subsurface flow [Mishra
et al., 2008], channel initiation [Dietrich et al., 1993;
McNamara et al., 2006], erosive power [Moore and Wilson,
1992], and soil properties [McKenzie et al., 2000; Gessler
et al., 1995] and as indices of topographic position for
mapping landforms [Ventura and Irvin, 2000] and vegetation
distribution [Mackey et al., 2000].
[3] In spite of its wide use and a general consensus on its

meaning, specific catchment area does not seem to have
been clearly defined, perhaps because there has been no
need for the precision of a definition in the applications to
date. The mathematical treatment presented in this paper
provides a motivation for a clear definition and examination
of the assumptions implicit in the definition.
[4] We define specific catchment area a at a point as

a ¼ lim
w!0

A
w
; ð1Þ

with A being the area of land surface, as vertically projected
onto the horizontal plane, between two slope lines that
originate at a common hilltop, bounded at the lower end by
a contour segment of length w as shown in Figure 1. While,
in general, the upper end of area A can be bounded by
multiple hilltops and drainage divides, we restrict attention
in our analysis to the case of a single hilltop. As noted by
Maxwell [1870], each point in the land surface can be
essentially allocated in this way to a unique hilltop. Points
on slope lines originating from saddle points are at the
conjunction of slope lines from two neighboring hilltops and
require special treatment. Area A is called the contributing
or catchment area or sometimes total catchment area to
distinguish it from specific catchment area [Gruber and
Peckham, 2009]. An equivalent definition is

a ¼ @A
@k

; ð2Þ

where k is distance along the contour line from an arbitrary
starting point; this will be explored with more rigor later in
the paper.
[5] This definition is stated in terms of slope lines [Cayley,

1859], or lines of slope [Maxwell, 1870], that follow the
direction of steepest descent across the land surface rather
than flow lines that follow the direction of water flow. This is
in keeping with the use of specific catchment area as a
topographic attribute with hydrological and other applica-
tions. The connection between specific catchment area and
surface water flow is strong wherever water flow is deter-
mined primarily by the slope gradient but breaks down where
other factors, such as momentum and pressure gradients,
become significant. These other factors are important in
concentrated flow such as channels and in areas that are flat,
or very nearly so, but are usually insignificant for diffuse
surface flow and shallow subsurface flow on hillslopes.
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2Fenner School of Environment and Society, Australian National
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On the theory of drainage area
for regular and non-regular
points
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2Department of Civil and Environmental Engineering, and
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The drainage area is an important, non-local
property of a landscape, which controls surface and
subsurface hydrological fluxes. Its role in numerous
ecohydrological and geomorphological applications
has given rise to several numerical methods for its
computation. However, its theoretical analysis has
lagged behind. Only recently, an analytical definition
for the specific catchment area was proposed (Gallant
& Hutchinson. 2011 Water Resour. Res. 47, W05535.
(doi:10.1029/2009WR008540)), with the derivation of
a differential equation whose validity is limited to
regular points of the watershed. Here, we show that
such a differential equation can be derived from a
continuity equation (Chen et al. 2014 Geomorphology
219, 68–86. (doi:10.1016/j.geomorph.2014.04.037))
and extend the theory to critical and singular
points both by applying Gauss’s theorem and by
means of a dynamical systems approach to define
basins of attraction of local surface minima. Simple
analytical examples as well as applications to more
complex topographic surfaces are examined. The
theoretical description of topographic features and
properties, such as the drainage area, channel lines
and watershed divides, can be broadly adopted to
develop and test the numerical algorithms currently
used in digital terrain analysis for the computation
of the drainage area, as well as for the theoretical
analysis of landscape evolution and stability.

1. Introduction
More than a century ago, Maxwell [1] stated the
importance of ‘an exact knowledge of the first elements
of physical geography’ and observed the prevalence of

2018 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Graphical representation and definitions: contour lines (W , blue), slope lines (S , black) and projected slope lines
(L, red) for a two-dimensional topographic surface z = f (x, y). A two-dimensional surface is here defined as a single-valued
function z having a two-dimensional domain (x, y being the horizontal Cartesian coordinates). The drainage area A pertaining
to a contour segment of length w at a certain arc-distance l from the hilltop is the area between the two projected slope lines
(green shaded area). (Online version in colour.)

The drainage area A is a non-local variable defined as the horizontal projection of the land
surface enclosed between two slope lines that originate at a hilltop (either a common hilltop,
as exemplified in figure 1, or distinct ones, as shown in figure 2 and discussed in the following
sections) and are bounded at the lower end by a contour segment of length w [30]. The specific
catchment area a is defined [30] as the ratio between the drainage area A and the length of the
contour segment w in the limit of w → 0,

a = lim
w→0

A
w

. (2.2)

The specific drainage area a (also referred to as the specific catchment area) has units of length and
diverges at all those points of the topographic surface where the contour lines coalesce (namely,
critical and singular points of the surface). However, at these non-regular points, while a cannot be
determined, it is still possible to define the drainage area A as the integral of all areas draining to
the point of interest. This will be discussed in §3, where theoretical definitions of A at non-regular
points are provided.

(b) Governing equation for the specific catchment area
An intuitive way to derive an equation for a at regular points is now outlined, in part following [5].
Considering the hypothetical collection of water due to a uniform and steady rainfall r over a
topographic surface, the continuity equation for this water flow reads

∂h
∂t

+ ∇ · (hu) = r, (2.3)

where t is the time, h is the water depth and u is the flow velocity. Note that the use of the water
depth h is here introduced as a conceptual analogy to guide intuition, but the actual flow of water
is not being modelled.
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Triangulated Irregular Networks
(Ivanov, Vivoni, Bras, Entekhabi, 2004, WRR)

tRIBS model
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Grid Digital Elevation Models
(O’Callaghan and Mark, 1984; Zevenbergen and Thorne, 1987; Quinn et al., 1991;
Tarboton, 1997; Orlandini et al., 2003; Seibert and McGlynn, 2007)

D8, MD8, D∞, D8-LTD, and MD∞ methods
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D4 propagation across adjacent cells is not robust enough.
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Slope lines in grid digital elevation models
D8-LTD method (Orlandini, Moretti, Franchini, Aldighieri, Testa, 2003, WRR)
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Analytical Basis for the D8-LTD Method
(Orlandini, Moretti, Gavioli, 2013, WRR)

Analytical basis for determining slope lines in grid digital elevation
models

Stefano Orlandini,1 Giovanni Moretti,1 and Andrea Gavioli2

Received 19 August 2013; revised 2 December 2013; accepted 12 December 2013; published 22 January 2014.

[1] An analytical basis for the determination of slope lines in grid digital elevation models
is provided by using the D8-LTD method (eight slope directions, least transverse deviation).
The D8-LTD method’s capability to predict consistently exact slope lines as the grid cell
size goes to zero is shown analytically by applying mathematical analysis methods. The use
of cumulative, least transverse deviations is found to be the key factor allowing for globally
unbiased approximations of slope lines. The D8-LTD method’s properties are also
demonstrated numerically by using digital elevation models of a synthetic sloping surface
obtained from the Himmelblau function. It is shown that slope lines obtained from the D8-
LTD method can approximate the exact slope lines as close as desired by selecting a grid
cell size that is small enough. In contrast, the standard D8 method is found to produce
significantly biased results even when small grid cells are used. The D8-LTD method
outperforms the D8 method over a wide range of grid cell sizes (up to 20 m in this
application), beyond which grid cell size becomes too large to validly represent the
underlying sloping surface. It is therefore concluded that the D8-LTD method should be
used in preference to the standard D8 method in order to obtain slope lines that are only
limited in reliability by the detail of topographic data, and not by the accuracy of the slope
direction method applied.

Citation: Orlandini, S., G. Moretti, and A. Gavioli (2014), Analytical basis for determining slope lines in grid digital elevation
models, Water Resour. Res., 50 , 526–539, doi:10.1002/2013WR014606.

1. Introduction

[2] Slope lines were defined by Cayley [1859] and Max-
well [1870] as those lines that intersect contour lines at
right angles. If overland flows are laminar and purely
driven by gravity, then slope lines provide a perfect match
to the theoretical flow lines. As also reported by Gallant
and Hutchinson [2011], however, a distinction should be
made in hydrology and geomorphology between slope lines
and flow lines when dispersion is a relevant process as a
results of turbulence or diffusional effects. In this case,
flow lines and slope lines differ. Multiple flow direction
methods were postulated to describe overland flow disper-
sion [e.g., Freeman, 1991; Quinn et al., 1991; Seibert and
McGlynn, 2007]. However, a more cautious modeling phi-
losophy may be adopted by determining slope lines from
topographic data with the minimum usage of geomorpho-
logic dispersion and, if necessary, by modeling hydrologic
dispersion separately [Tarboton, 1997; Orlandini et al.,
2003]. The analysis shown by Orlandini et al. [2012]

reveals that the dispersion produced by multiple flow direc-
tion methods strongly depends on grid cell size, and sug-
gests therefore that caution must indeed be exercised in the
application of multiple flow direction methods for the
description of overland flow dispersion. Even under a broad
perspective, slope lines remain essential topographic attrib-
utes for the description of overland flows because (1) they
provide the surface flow paths along which gravity-driven,
nondispersive flows of water and sediments extend, and (2)
they provide the skeleton around which dispersive overland
flow patterns are likely to develop.

[3] Slope lines and related flow nets can be determined
directly from contour elevation data as shown by Moretti
and Orlandini [2008]. However, a classical flow net is not
suited to natural landscapes because flow strips continually
merge or split, and the flow net has to be modified by amal-
gamating excessively small elements and subdividing
excessively large elements [Moore and Grayson, 1991].
Hence, the determination of slope lines in grid digital ele-
vation models remains a relevant problem. This problem is
commonly addressed by connecting cell centers along sin-
gle slope directions obtained from O’Callaghan and
Mark’s [1984] D8 method. Several methods have been pro-
posed in the literature to mitigate the artifacts produced by
the D8 method while still using the minimum amount of
dispersion [e.g., Fairfield and Leymarie, 1991; Tarboton,
1997; Orlandini et al., 2003; Paik, 2008; Orlandini and
Moretti, 2009a]. Reviews of these methods can be found in
Tarboton [1997] and Gallant and Hutchinson [2011]. Other
algorithms based on the aspect driven method are not

1Dipartimento di Ingegneria ‘‘Enzo Ferrari,’’ Universit!a degli Studi di
Modena e Reggio Emilia, Modena, Italy.

2Dipartimento di Scienze Fisiche, Informatiche e Matematiche, Uni-
versit!a degli Studi di Modena e Reggio Emilia, Modena, Italy.

Corresponding author: S. Orlandini, Dipartimento di Ingegneria ‘‘Enzo
Ferrari,’’ Universit!a degli Studi di Modena e Reggio Emilia, Via Vignolese
905, IT-41125 Modena, Italy. (stefano.orlandini@unimore.it)

©2013. American Geophysical Union. All Rights Reserved.
0043-1397/14/10.1002/2013WR014606
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Proof
(Orlandini, Moretti, Gavioli, 2013, WRR)

D8-LTD method

(b)

δ2δ1 e2

0e

1e

p

α2
α1

p

T p

p x

h h

i

j
j 
+

 1
j 
−

 1

i − 1 i + 1

9

8

7

2

3

1 4

6

041 047

089023

021 087

063

Γ

p

T p

069

c
e
ll 

c
o
u
n
te

r 
a
lo

n
g
 t
h
e
 y

 d
ir
e
c
ti
o
n

cell counter along the x direction

(a)

x

y

pT

pT

p

h
h

qk = (h
^

(k−1  = h(   
1

k

Γ ε

q ^

k−1

h

k−1

8D 4D

2D

6D

3

)

D

)

7D

 

Q(     , h)

0

)

5D

k

D1

ε

h(

2

(   0 )0=

)0

k−1

Theorem
Let z : R2 → R be a C2-function whose
gradient ∇z never vanishes. Let p0 ∈ R2 be
given, and x(t) be the solution of

x′(t) = −∇z(x(t))

x(t0) = x0

with x0 = p0. Then, for any ε > 0, there
exists nε ∈ Z+ such that

Γn ⊆ Γε, n ≥ nε.
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Numerical Evidence
(Orlandini, Moretti, Gavioli, 2013, WRR)
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Channel Initiation
(Orlandini, Tarolli, Moretti, Dalla Fontana, 2011, WRR)
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Resistance to Flow Along Channel Networks
(Orlandini, 2002, WRR)

Matching Sf and S0

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

upstream drainage area, A (km
2
)

10
-3

10
-2

10
-1

10
0

c
h

a
n

n
e

l 
b

e
d

 s
lo

p
e

, 
S

o
 (

-)

10
-2

10
-1

10
0

fr
ic

ti
o

n
 s

lo
p

e
, 

S
f (

-)

map-based areas
DEM-based areas
relationship (15)

Scaling kS = 1/n

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

upstream drainage area, A (km
2
)

10
-1

10
0

10
1

10
2

G
S

 r
e

s
is

ta
n

c
e

 c
o

e
ff

ic
ie

n
t,

 k
S
 (

m
1
/3

 s
-1

)

map-based areas
DEM-based areas
relationship (13)



Catchment Hydrologic Modeling Terrain Analysis Surface Flow Propagation Final Remarks

Profile and Planar Overland Flow Dispersion Along Hillslopes

Surface flow hydraulics

∂Q
∂t

+ ck
∂Q
∂s

= Dh
∂2Q
∂s2 + ck q

ck =
dQ
dΩ

Dh =
Q

2 W S0

(
1− Ve2

)
Ve =

ck − U
cd

(
Fr =

U
cd

)
U =

1
n

R2/3S1/2
0

cd =
√

g Ym

Planar dispersion

F3

³ = 22.5°

h = 50 cm

D�-LTD

R = 0.81

Cell shades indicate the
fraction of released water
passing through the cell.

Green is the colour of her kind
quickness of the eye deceives the mind

(Pink Floyd, Green is the Colour, More, 1969)
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How does water move over the land surface?
(Orlandini, Moretti, Corticelli, Santangelo, Capra, Rivola, Albertson, 2012, WRR)
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Observed overland flow patterns

Land Microtopography
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I’m coming up on infra-red, there is no running that can hide you,
’Cause I can see in the dark.

I’m coming up on infra-red, forget your running, I will find you.
(Placebo, Infra-red, Meds, 2006)
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Predicted Propagation Patterns
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Predicted Propagation Patterns
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River Channel Geometry
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Reservoir Geometry
(Fiorentini and Orlandini, 2013, AWR)
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Hydrology-oriented Terrain Analysis
Unstructured Meshes
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Detailed Surface Flow Propagation
Detail is used only where needed...

test
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Final Remarks
New data and methods are now available!

High-resolution (1 m or less) digital elevation models
generated from lidar surveys are increasingly available for
hillslope to continental scale hydrologic modeling.
Grid-based digital elevation models are relatively easy to
use numerically.
TIN-based digital elevation models are efficient to reduce
the computational burden of hydrologic models.
Contour-based digital elevation models are suitable to
mathematical abstraction of land surface topography.
There is room for future research in hydrology-oriented
description of terrain analysis.
Terrain analysis and surface flow propagation can be
further investigated at UNIMORE.
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