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ARTICLE INFO ABSTRACT

Keywords: To minimize the sediment flowing to the outlet of a river catchment with minimal effort or cost,
Sediment Flow Simulation the best areas to perform a certain intervention, e.g., afforestation, must be selected. CAMF is
Multiple Flow Direction a method that performs this selection process iteratively in a raster geo-database. The original
Single Flow Direction version of CAMF uses a Single Flow Direction (SFD) algorithm to simulate the flow paths.
Sediment Yield Minimization Although SFD is often used in studies related to hydrological applications, it may fail to reflect
Afforestation the nature of flow transport, depending on the topography. This paper describes and analyzes

the integration of Multiple Flow Direction (MFD) methods in CAMF, in order to provide more
accurate flow simulations in areas with specific topographic characteristics. We compare the
computational complexity of CAMF-SFD and CAMF-MFD using two methods: FD8 and Deo,
and we discuss the scalability w.r.t. the number of cells involved. We evaluate the behavior of
these three variants for sediment yield minimization by afforestation in two catchments with
different properties.
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1 Introduction

Among the main issues analyzed in Spatial Decision Support Systems, land use planning is of vital importance.
It comprises the management and modification of the natural environment, focusing on the development of effective
strategies for land conservation and urbanization (Randolph, 2012). It allows to select potential sites to carry out a
certain intervention, taking into account criteria related to the use of the land, depending on the application.

Sediment delivery to rivers reduces channel and reservoir capacity and leads to water quality problems and biodi-
versity decline because of suspended mineral and organic substances (Drzewiecki and Mularz, 2008). These issues are
particularly undesirable in regions where the river is used for drinking or irrigation water provision or for electricity

production.
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Afforestation has proven to be effective to reduce sediment production and delivery and to alleviate the associated
water quality problem (Costin, 1980; Nearing et al., 2005; Heil et al., 2007; Vanwalleghem, 2017). It protects the soil
surface against the ability of raindrops and runoff to detach and transport soil particles (B.-M. Vought et al., 1995;
Piégay et al., 2004). An important question at the beginning of any afforestation project is to identify the most suitable
sites to plant the trees. The discrimination between suitable and unsuitable areas for afforestation typically depends
on several criteria adopted by forest planners, which can range from on-site and off-site environmental concerns to
maximizing financial profits.

This spatial optimization problem can be formulated as a mathematical programming model that can be solved
exactly, but typically requires a high amount of computational resources (Fischer and Church, 2003). While this
approach has been used for many years in forest planning (Williams and Revelle, 1997), the size of the problems that
can be handled remains limited (Vanegas et al., 2011). Therefore, as an alternative, Vanegas (2010); Vanegas et al.
(2012, 2014) proposed the CAMF method to locate the sites within a river catchment that should be afforested in order
to minimize the amount of sediment that reaches the outlet(s).

Although finding the optimal solution cannot be guaranteed in general, they proved theoretically that CAMF obtains
the optimal solution for a small raster under certain conditions. To simulate sediment transport, CAMF uses a simple,
computationally efficient and spatially distributed model, that can be used in an optimization context.

A key issue in sediment flow simulation with CAMF is the spatial interaction (SI) among cells in the raster data-
sets, representing the catchment. SI refers to the fact that changes in the state of a location can have an impact on
the state of neighboring or even distant locations (Gersmehl, 1970; Wang, 2017). In the case of CAMF, SI refers to
the phenomenon that afforestation of a cell leads to changes of its characteristics, which in turn affect the amount of
sediment flowing from that cell into its downstream neighbor cells and, eventually, the sediment yield of the catchment.

The original implementation of CAMF uses a Single Flow Direction (SFD) method, which assumes that flow
leaving a cell is delivered entirely to the neighbor at the lowest altitude. Despite the advantage of simplicity of SFD
methods, they may fail to reflect the real nature of surface transport processes (Quinn et al., 1991; Wilson and Gallant,
2000; Zhou and Liu, 2002). Therefore Quinn et al. (1991); Costa-Cabral and Burges (1994); Tarboton (1997); Seibert
and McGlynn (2007) proposed Multiple Flow Direction (MFD) methods, in which the flow is distributed to one or
more of the down-slope neighboring cells, representing sediment flow pathways more appropriately than SFD in some
cases, e.g. for the estimation of a specific catchment area, landscape evolution simulations (Gallant and Hutchinson,
2011; Anand et al., 2020) and the computation of topographic indices (Pan et al., 2004; Rampi et al., 2014).

With SFD even a tiny elevation difference between two neighboring cells can have a large effect, since it might
determine which cell receives all the outgoing flow. Small elevation differences have a less important effect in a MFD

method, since cells with slight differences in elevation receive about the same amount of flow.
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In this paper, we develop and analyze MFD variants of CAMF (CAMF-MFD) using two flow direction methods:
the Fractional Deterministic Eight-Neighbor (FD8) method (Quinn et al., 1991) and the Doo method (Tarboton, 1997).
Compared to the SFD methods, MFD methods lead to much more complex flow networks, with multiple paths between
cells, which not only result in a higher computational cost, but it also makes difficult to determine the order in which
the cells network should be traversed to simulate sediment transport. We use a topological sorting algorithm proposed
by Kahn (1962) and applied in Anand et al. (2020) to achieve the appropriate ordering of cells in the flow network
generated with the MFD methods. We present algorithms for the various steps in the optimization procedure and
results for several test cases. We compare the behaviour, the performance and the scalability w.r.t. the problem size of
the single and multiple flow variants of CAMF.

This paper is organized as follows. Section 2 provides a general description of CAMEF, the calculation of the
sediment accumulation raster and the main steps followed by CAMEF to select the best areas for afforestation. It also
describes particular characteristics of CAMF-SFD and its reformulation to use a MFD method. Section 3 presents the
case studies used for the experiments. In Section 4 the results of experiments are discussed and Section 5 presents

some conclusions.

2 The CAMF method for minimizing sediment yield

Using a raster geo-database representing a river catchment, the CAMF method (Vanegas, 2010; Vanegas et al.,
2012, 2014) selects cells, such that performing a certain intervention in these cells leads to the maximal reduction of
sediment yield, i.e. the amount of sediment that reaches the outlet(s), denoted by SY. The cells are selected from a list of
candidates, since the intervention can be performed only in cells corresponding to some land use types. Because of SI,
cells are selected iteratively. In each iteration, CAMF computes for every candidate cell the sediment yield reduction,
denoted by SYR, that will be achieved if the intervention is performed in that cell. The candidate cells are ranked based
on their SYR values. The cells with a maximum SYR are selected for the intervention. Although the core structure of
CAMF can be applied for different sorts of flow, we applied it for the specific case of sediment yield minimization by
afforestation. Therefore, in this paper, we describe CAMF in this context.

The input required by CAMF consists of several characteristics of the study area represented as raster data-sets

(Estrella, 2015):

e A Digital Elevation Model (DEM) to compute the gradients and the flow direction matrix to determine the flow

paths within a catchment.
o A land use types map or coverage map to identify the cells in which the intervention can take place.

e Mean annual sediment produced locally before and after afforestation (fon ha=! yr~1).
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The implemented sediment accumulation procedure requires the following inputs:

e Retention capacity before and after afforestation (fon ha~! yr~!): the amount of sediment that will be retained

in a cell.

e Saturation threshold before and after afforestation (fon ha=! yr~1): the amount of sediment exceeding this value

will be fully delivered from the cell to its down-slope neighbors.

e Flow factor, computed as a normalized value from the slope (dimensionless). It indicates the fraction of sediment

transported from a cell to its down-slope neighbors.

The user also must specify the number of cells to be selected or the required amount of SYR.
We now present more details of the main processes in CAMF: (1) the computation of the initial sediment accumu-
lation raster, denoted by SA, see sections 2.1-2.3, and (2) the iterative process for the identification of the best cells for

the afforestation in order to minimize the flow reaching the outlet(s), see section 2.4.

2.1 Sediment Accumulation

The matrices storing the mean annual sediment produced locally, before and after afforestation, are denoted re-
spectively by a! and 2, while a¥, k = 1,2 denote the local sediment production in cell i, where k = 1 if the cell is
not yet afforested and k = 2 if the cell is afforested. The Sediment Accumulation matrix SA gives for each cell i the
total amount of sediment SA;, i.e., a;‘ plus the sediment received by the cell i from its up-slope neighbours.
The amount of sediment leaving cell i, denoted by D;, is a function of SA;. The original version of CAMF uses
a piece-wise linear convex function (Vanegas, 2010) defined by three parameters: retention capacity pl’,‘ , saturation
threshold o-l.k and flow factor y[k. If SA; is less than or equal to the retention capacity pf.‘, no sediment leaves the cell.

If SA; € (pf.C s aik ], a fraction yl.k of SA; leaves the cell. If SA; is larger than the saturation threshold al.k , the difference

SA; — 0;‘ is fully delivered from the cell. Hence D, is modeled by

0, if SA; < pf
D; = yK(SA; — b, if pF < SA; < of M

ri(eF — p) + (A, — o)), if SA; > of

The amount of sediment transported between cells i and j, denoted by D, ;, is calculated as

i.js

D;;=D;xFy, @

with D; the amount of sediment that leaves cell i, calculated using Eq. | and F; ; the sediment fraction flowing from
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cell i to the down-slope neighbor cell j.

In case of afforestation, the parameters of the piece-wise linear function change when the land use of a cell is
converted from its initial state (not afforested) to its new state (afforested), see Fig. 1. Afforestation decreases the
local sediment production and the flow factor, i.e., aiz < al.l and yiz < yil, and increases the retention capacity and the
saturation threshold, i.e., pi2 > pi1 and 6i2 > cril. Hence, the selection of a cell reduces the amount of sediment delivered
by this cell and also influences the amount of sediment flowing into the cells lying on the flow path(s) between this

cell and the outlet(s).

2.2 CAMF-SFD

Originally, the sediment flow simulation in CAMF uses a SFD method, i.e., the sediment leaving a cell flows
entirely to the neighbouring cell at lowest altitude. In particular, the Eight-Direction (D8) algorithm (O’Callaghan and
Mark, 1984) is used: a cell ¢ delivers all its flow to cell i (one of its eight neighbors), with i determined by

arglmini_ 5 ¢Z; it Z, > Z,, 3

yeen

where Z, is the elevation for cell c.

The flow direction in CAMF-SFD can be represented as a tree (Fig. 2), where each node corresponds to a raster cell
(Fig. 2b), the root node corresponds to the outlet cell and the child-parent edges represent the flow direction following
the steepest descent pathway Estrella (2015). To compute the SA raster, the tree is used to process the cells in the right
order.

As mentioned above and explained in detail in section 2.4, in an optimization iteration a single candidate cell i will
be (tentatively) afforested to compute the corresponding SYR. In this case, SA must not be recomputed completely, but

only the SA; values for all cells on the path between cell i and the root of the tree.

2.3 CAMF-MFD

In a MFD method a cell can receive flow from several cells as well as it can deliver flow to multiple cells, see
Fig. 3, which means that the flow network generated with MFD methods is more complex than their SFD counterparts.
Therefore, SI and cell connectivity can not be represented as a tree, but as a graph. The main difficulty is to build an
appropriate ordering of the cells (nodes of the graph) to calculate SA based on the flow network.

To build the graph from a flow network generated with a MFD method, we follow the topological sorting algorithm
proposed by (Kahn, 1962). A similar approach is used in Anand et al. (2020) for landscape-evolution simulations, in
which the upstream nodes draining to a node i are called "donors" and the nodes to which i delivers flow are called

"receivers".
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Based on Kahn (1962), Algorithm 1 computes for all the cells an adjacency list with "ancestors" ("donors") and
"successors" ("receivers"), following the flow direction matrix F (Figs. 4a, 4b). Cells that deliver sediment to cell i are
called its ancestors, and cells that receive sediment from cell i are called its successors. Several methods to compute
SA using a graph have been proposed, see e.g. (Qin and Zhan, 2012; Jiang et al., 2013; Barnes, 2019). However,
traversing a graph that corresponds to a large data-set is very expensive in terms of memory and execution time. In
the minimization process in CAMF, we compute the SA matrix many times. Therefore, in a pre-processing step,
Algorithm 2 sorts the cells, so that for each ancestor—successor pair, the ancestor always appears in the sorted list
before its successor (Fig.4c). The SA matrix is then computed cell per cell in the order given by the sorted list, from
left to right, see Algorithm 3.

In the case of SFD, SA must not be completely recomputed when a single candidate cell i is (tentatively) afforested
to compute the corresponding SYR. However, in the case of MFD, SA; for all cells on the paths between cell i and the
outlet(s) must be recomputed, which corresponds to a substantially larger part of the SA matrix compared to the single
path in SFD. Also, the cells i for which SA; must be recomputed can only be determined by traversing a substantial part
of the graph, which is very expensive and requires reading large amounts of data. Therefore, when cell i is (tentatively)
afforested, SA; is recomputed for all cells in the sorted list between cell i and the outlet(s). The latter approach is to be
preferred, despite redundant calculations, since it avoids the data accesses required to process the graph. Note that a

data access is much more expensive than a floating-point operation on current computers.

Algorithm 1 Create an adjacency list from the flow direction matrix
Input: MFD matrix F

for each cell i in F do
for each neighbor j of i do
if i drains into j then
1. Add j as successor of i in A > A is the adjacency list
2. Add i as ancestor of j in A
end if
end for
end for

Output: Adjacency list A

In the MFD variant of CAMF we use the Fractional Deterministic Eight-Neighbor (FD8) method (Quinn et al.,
1991) and the Doo method (Tarboton, 1997) (see Appendix A for more details). However, the calculation of the SA
matrix (Algorithms 1-3) is organised in such a way that several other MFD methods can easily be implemented, e.g.
the Digital Elevation MOdel Networks (DEMON) (Costa-Cabral and Burges, 1994), the triangular MFD algorithm
(Seibert and McGlynn, 2007) and the MFD algorithm based on Maximum Down-slope Gradient (MFD-md) (Qin

et al., 2007) to adaptively model the flow partition based on local topographic attributes.
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Algorithm 2 Sort the adjacency list

Input: Adjacency list A

for each cell i in A without ancestors do
1. Store i in E > FE stores the cells without incoming ancestors
end for

while E is non-empty do
2. Getcell i from E
3. Remove cell i from E
4. Addito S > .S is the sorted list
for each cell j in A with i as ancestor do
5. Remove i from ancestors of j in A
if j has no other ancestors then
6. Addjto E
end if
end for
end while

Output: Sorted list .S

Algorithm 3 Compute Sediment Accumulation SA

Input: Sorted list S, adjacency list A, local sediment production a*, flow factor y¥, retention capacity p¥, saturation
threshold ¥, with k indicating the values before afforestation (k = 1) or after afforestation (k = 2)

for each cell i in .S do
1. SA; < a{‘ > SA stores the sediment accumulation for every cell
for each ancestor j of i in A do
if SA; < p) then
2.D; <0
else
if SA; > p’ and SA; < o then
3.D; < yjl.‘(SAj - pf)
else
if SA; > o/ then
4.D; « yf(ajf - pf) +(SA; - o-J'.‘)
end if
end if
end if
5.D;; « D;XF;; > F,,is the fraction of sediment delivered from cell j to its neighbor cell i. For SFD
F;; =1, for FD8 and Doo F| ; is calculated following the formulas in Appendix A.
6. SA; « SA; = D;;
7. SA; < SA; + D
end for
end for

Output: Sediment accumulation SA

2.4 Minimizing sediment yield at the outlet(s)

Each iteration of the CAMF algorithm consists of the following three steps:
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1. Each candidate cell that has not been selected in previous iterations is tentatively selected and the SA matrix is
recomputed to evaluate the effect of afforesting this cell. In section 2.1 we indicated that when a cell is afforested
the amount of sediment delivered to its neighbours decreases. This decrease is propagated to the outlet(s) and
results in a decrease in SY. Let SY? be the SY in the initial situation; S Yf‘ the SY if cell i would be afforested in

iteration k; S YRf the total SYR if cell i would be afforested in iteration k. Then

SYRK = SY? — SY* 4)

2. Cells are ranked in descending order based on the SYRf.C value.

3. The cell(s) with the maximal SYR value are added to the set of cells selected for afforestation.

The iterative procedure, see Algorithm 4, ends when the (user-specified) number of selected cells is fulfilled. Note

that this stop criterion can easily be replaced by a test on achieving a user-specified SYR.

Algorithm 4 Determine the cells to be selected

Input: Number of cells to be selected n

1.S<49¢ > .S stores the cells selected
2.k<0

while size of S < n do
3. k<k+1
for each candidate cell i that has not been selected do
4. Compute SA matrix and S YR{F by tentatively afforesting cell i
end for
5. Rank cells according to SYR
6. Put cell(s) with highest SYR in solution set S
end while

Output: Set of selected cells S

Algorithm 3 (computing SA) has a linear computational complexity in the number of active cells (with actual
values) and the computational cost also depends on the chosen flow direction method, based on the complexity of the
graph (e.g. the number of neighboring cells receiving flow from each node of the graph). Hence the computational
complexity of Algorithm 4 (determine selected cells) is proportional to the number of active cells and the number of
candidate cells (that can be of the order of the number of active cells) and to the number of cells that are selected (since

often only one cell is selected per iteration).
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3 Case studies

3.1 The Tabacay catchment

The first case study deals with the Tabacay river catchment in Ecuador, with an area of ~ 6 639 ha and altitudes
ranging from 2 482 m to 3 731 m (above sea level), see Fig.5. Agriculture and pasture cover 39% of the area. The
widespread agricultural land use, even on steep slopes, produces large amounts of sediment, which flows towards the
river, resulting in substantial land, river and reservoir degradation.
A raster geo-database of the Tabacay catchment with a resolution of 30m X 30m is used, containing 122 830 cells, of
which 73 471 are active cells. Only a part of the cells under agriculture and pasture are considered as candidate cells
(27 246 cells).

The initial sediment production map a' was computed using the Revised Universal Soil Loss Equation (RUSLE)

proposed by Renard et al. (1991), as follows

a! =RXKXLSXCXP 5)

where a': annual soil loss (fon ha™! yr~1); R: rainfall erosivity factor (MJ mm ha=' h=' yr=1); K: soil erodibility
factor (fon h MJ~" mm™1); LS: slope length and slope steepness factors; C: cover management factor; P: support
practice factor.

We set P = 1 and R = 1599 MJmm ha=' h=! yr~! based on Cisneros Espinosa et al. (1999). The K-factor is
computed from soil granulometric fractions, see Table 1, using the equation introduced by Wischmeier (1978). The
C-factor map is generated by assigning the C-values presented in Table 2, taken from Estrella (2015), to the land cover
map (Fig. 6a). The LS-factor map is computed from the DEM using an ArcGIS tool (Conrad, 2003), based on the slope
and specific catchment area, following the approach of Desmet and Govers (1996). The LS-factor map and the initial

sediment production o'

are shown in Figs. 6b, 6¢.

The initial flow factor map y!' was computed by a linear transformation of the original slope map using min-max
normalization (Han et al., 2012). The values of the other parameters of Eq. 1, i.e., p', p?, 6!, 62, a® and y?2, listed
in Table 3, are taken from Estrella (2015). Note that Estrella (2015) used a slightly different initial local sediment
production map a', since the LS-factor was computed differently.

Additionally, two smaller regions around the outlet of the catchment were cropped from the original data-set,

to evaluate the scalability of CAMF w.r.t. the problem size (number of cells). Figs.7a,7b show the corresponding

fragments of the initial local sediment production map a'.
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Table 1
K-factor calculated for each soil type in the Tabacay catchment (Estrella, 2015).
Soil Type Soil Texture K-factor
(ton h MJ™" mm")
Umbric Leptosol  Sandy clay loam 0.0397
Umbric Andosol Loam 0.0373
Dystric Cambisol Loam 0.0376
Ferralic Cambisol Clay loam 0.0253
Calcaric Regosol Sandy loam 0.0452
Calcaric Cambisol  Sandy clay loam 0.0290
Eutric Cambisol Silt loam 0.0518
Eutric Regosol Sandy loam 0.0521

Table 2
C-factor values for each land use type in the Tabacay catchment (Estrella, 2015).

Land cover type C-factor

Water 0
Forest 0.001
Bush 0.003
Pasture 0.003
Paramo 0.003
Agriculture 0.2
Table 3
Parameter values used in the experiments with CAMF for the Tabacay case study.
Parameter Before afforestation After afforestation
Sediment production !, calculated by RUSLE, Fig. 6¢c a®>=0.83xa'
Retention capacity pl =037 xa p?=0.61xal
Saturation threshold ' =0.96 x o' 2=098 x a'
Flow factor y!, normalized slope from DEM Y2 =0.75%x7y!

3.2 The Maarkebeek catchment

The second case study deals with the Maarkebeek river catchment in Belgium, with an area of = 4 800 ha, with
altitudes from 14.1 m to 146.9 m, see the DEM in Fig. 8. It is covered mostly by agriculture, with around 10% of its
area urbanized, and around 10% afforested (Gabriels et al., 2022). The resolution of the Maarkebeek geo-database is
20m x 20m with 129 097 active cells, of which 53 792 are candidate cells for afforestation (cells under pasture and
arable land), see the land cover visualization in Fig.9. Since the Maarkebeek data-set contains more cells than the
Tabacay data-set, the computational cost of executing CAMF on the former is substantially higher.

As in the Tabacay catchment, the initial local sediment production map a! (Fig. 10) was generated by means of
RUSLE, Eq. 5. The values P = 1, R = 870 MJ mm ha~' h=! yr~!, the K-factor associated to each soil type (Table 4)
and the C-factor assigned to each land use type (Table 5), were obtained from Deproost et al. (2018). The LS-factor
map was computed using the same tool as for the Tabacay catchment.

The values for pl, p2, cl, 62, a? and y2 in Table 6 were selected such that &~ 10% of the initial available sediment

flows to the outlet.
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Table 4
K-factor calculated for each soil type in the Maarkebeek catchment (Deproost et al., 2018).
Soil Texture K-factor
(ton h MJ™' mm=")
Silty sand 0.02
Light sandy loam 0.025
Clay 0.042
Sand loam 0.4
Table 5
C-factor values assigned to each land use type in the Maarkebeek catchment (Deproost et al., 2018).
Land cover type C-factor
Lake and Infrastructure 0
Grass, shrubs (by the side of the road) 0.001
Forest 0.01
Agricultural, pasture and arable land 0.37
Table 6
Parameter values used in the experiments with CAMF for the Maarkebeek case study.
Parameter Before afforestation After afforestation
Sediment production  «!, calculated by RUSLE, Fig. 10 a®>=0.83xa'
Retention capacity pl =055%xa p? =073 xa'
Saturation threshold c'=a c>=1.02xa'
Flow factor y!, normalized slope from DEM Y2 =0.75%x7y!

4 Results

All experiments were performed on one core of a Xeon E5-2697 v3 CPU (2.6 GHz) with 128 GB of RAM, with
Ubuntu Bionic Linux (18.044.15.0-147-generic x86 64 kernel) as Operating System. Although we performed the

experiments on Linux, the implementation of CAMF in C++ can be used under Linux/Unix and Windows.

4.1 Sediment yield reduction with CAMF-SFD and CAMF-MFD

Fig. 12 shows the SA rasters of the Tabacay catchment for the initial situation, computed with CAMF-SFD and
with the two variants of CAMF-MFD, i.e., CAMF-FD8 and CAMF-Dco. Since p' and ¢! are always smaller than al,
the initial SY should be independent of the flow direction method used. For each cell a part of the locally produced
sediment and the incoming sediment flows completely to neighbouring (lower) cells. Hence, the total amount of
incoming sediment in the outlet cell(s) must be similar regardless of the flow method used. The values reported in
Tables 7 and 8 are nearly equal. Note that in our implementation of the FD8 method, the cells at the borders of the
raster are treated somewhat differently than in the implementation of the other flow direction methods.

The SYR value increases when the number of afforested cells increases, see Table 7, in agreement with the fact that
afforestation is an effective means to reduce sediment flow (Costin, 1980; Heil et al., 2007; Nearing et al., 2005). By

afforesting a given percentage of candidate cells, the predicted SYR value is the highest when CAMF-FDS is used, and
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is the lowest when CAMF-SFD is used.

Table 7
SY and SYR obtained with CAMF-SFD, CAMF-FD8 and CAMF-Doo for the Tabacay catchment. Afforestation of up to
30% of the candidate cells.

Initial SY SYR ;
(tonyr 1) # Afforested cells (tonyr) % SYR
SFD Doo FD8 SFD Doo FD8 SFD Doo FD8
5% =1 362 10361 10652 11244 || 27.59 28.36 30.58
10% =2 724 11970 12330 120945 || 31.88 32.83 35.20
20% =5 448 12958 13365 14034 || 3451 3559 38.16
30% = 8 172 13211 13629 14310 || 35.18 36.29 38.91

37553 37558 36774

Fig. 13a shows the SYR in function of the number of afforested cells. The extra yield reduction per 1000 selected
cells decreases with increasing number of afforested cells, and becomes small after afforesting ~ 3000 cells, confirming
that CAMF first selects the cells leading to the highest SYR. Indeed, the cells selected first contribute most to the SYR.
In this case, by afforesting ~ 5000 cells (~ 20% of the candidate cells), the maximum attainable SYR is nearly reached,
as indicated by the horizontal lines in Fig. 13a.

Fig. 14 shows the cells selected by CAMF-FDS for afforestation of up to 30% of the candidate cells in the Tabacay
catchment. Note that the first selected cells (5% and 10%) are concentrated in areas with high sediment production, as
already observed for CAMF-SFD (Vanegas et al., 2012; Estrella et al., 2014b). For example, the 11 candidate cells i
with a? > 250 ton ha™! yr~! were selected in the first 25 iterations.

The results for the Maarkebeek catchment are presented in Table 8 and Figs. 15a, 15b. We observe the same
behaviour as for the Tabacay catchment. In this case, the difference in results obtained with the Doo method and
the SFD method is insignificant. When only 5% of the cells is afforested ~ 26% of sediment is reduced (30% in
Tabacay with FD8), see Fig. 15b. Also in this case the first selected cells are concentrated in areas with high sediment

production.

Table 8
SY and SYR obtained with CAMF-SFD, CAMF-FD8 and CAMF-Doo for the Maarkebeek catchment. Afforestation of up
to 5% of the candidate cells.

Initial SY SYR

0,
(tonyr1) # Afforested cells (tonyr) % SYR
SFD Doo FD8 SFD Doo FD8 SFD Doo FD8
1% = 538 2468 2503 2617 8.03 8.14 8.51

2% =1 076 4150 4195 4415 || 13.49 13.64 1436
3% =1 614 5568 5633 50918 || 18.10 18.31 19.25
4% = 2 152 6809 6886 7240 || 22.14 2239 2355
5% = 2 687 7889 7980 8403 || 25.65 2594 27.34

30756 30758 30739
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4.2 Scalability and computational cost of CAMF-MFD

We studied the scalability of the CAMF-SFD and CAMF-MFD algorithms by measuring the execution times for
the three data-sets (small, intermediate and original data-set) of both catchments. The characteristics of these data-sets
are presented in Tables 9 and 10. The sequential execution times are shown in Table 11.

The SY in the initial situation is computed by calculating the SA matrix. In this case, the number of operations is
proportional to the number of active cells. From the small to the intermediate and the original data-set, the number
of active cells increases by a factor of 4 and 13 (Tabacay), 4 and 18 (Maarkebeek). However, the execution times
grow much slower. On current computers, execution times are mainly determined by the cost of data access, from
main memory to caches and to the processor. Note that the calculation of SA uses a very irregular data access pattern.
Probably caching works more effectively for larger data-sets. Of course, the execution time of CAMF-FDS is higher
than of CAMF-Doo and much higher than of CAMF-SFD, due to the SI among cells increases leading to a more
complex data structure used to model the flow paths.

To compute the SYR resulting from tentatively afforesting each (not selected) candidate cell i in each iteration of
CAMF, the SA matrix is recomputed. As mentioned in section 2.4, this requires to recompute the SA; values for all
cells appearing after cell i in the sorted list .S. Thus the number of operations in one iteration is &~ 0.5# larger than the
time to compute the SA in the initial situation, with » referring to the number of candidate cells. However, the ratio of
the execution times for one iteration and for the computation of the SA in the initial situation is much smaller for the
small and intermediate data-sets, while for CAMF-MFD with the original data-set the ratio is ~ n. This again shows
that the number of operations is a poor indicator for the execution time on current computers.

Table 9

Characteristics of the Tabacay data-set. Small and intermediate data-sets correspond to respectively % and 4—1‘ of the

original data-set; Ratio 1: ratio of intermediate to small data-set; Ratio 2: ratio of original to small data-set.

Small Intermediate Original

Dimensions 89x87 | 178x173  evol g gge - Ratio2
# cells 7743 30 794 4 122 830 16
# active cells 5 475 22 494 4 73 471 13
# candidate cells 2 259 9 859 4 27 246 12

Table 10
Characteristics of the Maarkebeek data-set. Small and intermediate data-sets correspond to respectively 1_16 and }1 of the

original data-set; Ratio 1: ratio of intermediate to small data-set; Ratio 2: ratio of original to small data-set.

Small Intermediate . Original .
Dimensions 116 x 110 | 232 x 219 Ratio 1 464i 438 Ratio 2
# cells 12 760 50 808 4 203 232 16
# active cells 7 363 32222 4 129 097 18
# candidate cells 693 11 802 17 73 792 78
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Table 11
CPU times for the calculation of the SA matrix in the initial situation and for one iteration, using the Tabacay and

Maarkebeek data-sets. Small and intermediate data-sets correspond to respectively li6 and 41_1 of the original data-set (see
Tables 9 - 10).

CPU times (s)

FD method Tabacay data-set Maarkebeek data-set

Small Intermediate  Original Small Intermediate  Original

SFD 0.003 0.006 0.009 0.020 0.027 0.023

Initial SA MFD/Deo 0.013 0.018 0.018 0.031 0.038 0.059
MFD/FD8 0.018 0.023 0.028 0.023 0.036 0.063

SFD 0.476 9.66 110.8 2.572 2211 867.3

1 iteration MFD/Doo 0.870 19.64 316.9 2.750 30.58 1643.9
MFD/FD8 1.373 26.67 651.2 6.646 60.77 3258.4

Table 12
Ratios of CPU times for the calculation of the SA matrix in the initial situation and for one iteration, using the Tabacay
and Maarkebeek data-sets. Ratio 1: ratio of intermediate to small data-set; Ratio 2: ratio of original to small data-set.

Ratios
Tabacay data-set Maarkebeek data-set
FD method —¢ 0T Ratio 2 Ratio 1 Ratio 2
SFD 2.19 3.45 2.46 1.07
Initial SA MFD/Doo 2.38 1.38 0.20 2.35
MFD/FD8 1.28 0.03 0.21 1.06
SFD 20.28 232.72 8.60 337.18
1 iteration MFD/Deo 22.41 361.39 11.13 598.15
MFD/FD8 19.43 474.33 9.14 490.27

In the optimal implementation of CAMF-SFD (Estrella, 2015), the flow connectivity of the cells is represented as
a tree where the root corresponds to the outlet of the catchment and child nodes deliver sediment to their parents. Note
that, in this case, only the cells on the path between cell i and the outlet (one branch of the tree) must be recomputed,

but this optimization is not implemented in our implementation of CAMF.

5 Conclusions

The raster-based CAMF method selects sites where an intervention has maximal impact, e.g., to minimize sediment
delivery at the outlet(s) of a river catchment due to afforestation. The original CAMF used a Single Flow Direction
method for flow simulation. We described and analyzed the integration in CAMF of two variants of Multiple Flow
Direction methods, i.e., FD8 and Doo, in which the sediment leaving a cell flows into more than one down-slope
neighbor, providing more accurate flow simulations in some topographies, e.g., to model divergent flow. Since the
calculation of sediment accumulation in CAMF only depends on the ordering of the nodes of the graph representing
the flow direction network in the raster cells, the flow direction method can be selected depending on the application
and the characteristics of the terrain. Furthermore, the software design allows to easily implement other multiple flow

direction methods that uses a 3 X 3 neighborhood. Also MFD methods that use an adaptive approach for computing
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certain parameters, such as the flow partitioning exponent, based on a local topographic attribute, as in Qin et al.
(2007), can be implemented, since such attributes are available or can easily be computed from the DEM.

The various algorithmic steps are presented in detail, highlighting the higher complexity of the sediment transport
simulation in the Multiple Flow Direction variants. This paper reports on the application of CAMF for afforestation
planning in two river catchments: the Tabacay catchment in Ecuador and the Maarkebeek catchment in Belgium. The
amount of sediment leaving a cell is modeled by a piece-wise linear function, parameterized by retention capacity,
saturation threshold and a flow factor.

The results show that CAMEF iteratively selects, from a large set of candidate cells and in the presence of spatial
interaction, those cells for which the marginal contribution to the sediment yield reduction by afforestation is highest.
A major characteristic of the selected cells is that they lie in regions with a high local sediment production. For the
retention capacities and saturation thresholds used in this paper, the three variants, i.e., CAMF-SFD, CAMF-FDS8 and
CAMF-Doeo, produce nearly the same sediment yield at the outlet(s) in the initial situation. For a given number of
afforested cells, CAMF-FDS predicts a slightly higher sediment yield reduction than CAMF-Doco and CAMF-SFD.

The two CAMF-MFD variants have a substantially larger computational cost per iteration than CAMF-SFD, due
to the higher cost to update the sediment accumulation matrix after afforesting a single cell. The computational cost
of the FD8 variant of CAMF-MFD is much larger than of the variant that uses Doo, due to the fact that the number
of cells involved in FDS is higher than in Doo. Hence there is a clear need to exploit parallelization and to reduce the

cost of each iteration and also the number of iterations. This topic is addressed in a forthcoming paper.
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Code availability section

Name of the code/library: CAMF-MFD 1.0

Open source license: GPL 3.0

Developer: Grethell Castillo Reyes

Contact: Department of Computer Science, Celestijnenlaan 200A box 2402, 3001 Leuven, Belgium; Data Repre-
sentation and Analysis Center, San Antonio de los Bafios Km 2'2, University of Informatic Sciences, Cuba.

Email: grethell.castilloreyes @kuleuven.be, gcreyes@uci.cu. Tel.: +32496998509

Year First Available: 2022

Hardware requirements: Code was tested on one core of a Xeon E5-2697 v3 CPU (2.6 GHz) with 28 cores and
128 GB of RAM

Program language: C++

Software required: Geographic Data Abstraction Library (GDAL). Source code available at the link: https:
//gdal.org/download.html. For Unix systems it is also available at the repositories with the name libgdal-dev.

Program size: 136 KB

The source codes are available for downloading at the link: https://gitlab.kuleuven.be/u0123674/camf-mfd

Appendix A: MFD methods implemented in CAMF

In the FD8 model (Quinn et al., 1991), the proportion of sediment flowing to each down-slope neighbor cell is

given by

tanG; ; X L; ;

A e~
m=1tan G, J.m

1

(A1)

with F; ; the fraction of sediment delivered from cell i to its neighbor cell j; n the number of down-slope neighboring
cells; G; ; the gradient between cell i and neighbor cell j; L; ; contour length: 0.5 X cell size for a cardinal neighbour
and 0.354 X cell size for a diagonal neighbour.

The Doo method (Tarboton, 1997), allows to minimize the dispersion present with FD8. Using this approach
the flow is distributed to maximum two neighbors, representing the flow direction as a single angle in radians counter-
clockwise from east. The flow is divided between the two down-slope cells in accordance with the angle of the steepest
descent of the eight neighbor cells.

When the angle represents one of the cardinal neighbors: 0; z/2; ; 37 /2 or one of the diagonal neighbors: 7 /4;
3n/4; 5x/4; Tx /4, the flow only occurs in one of these directions. In other cases, the proportion of flow distributed

between two neighbors is calculated as indicated in Fig.17.
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D

Figure 1: Piece-wise linear convex functions to compute the amount of sediment that leaves a cell. SA: sediment
accumulation (ton ha™! yr~'); D: amount of sediment leaving the cell (fon ha™! yr~!). Case a (red curve): the cell is not
afforested and b (blue curve): the cell is afforested; p!, p>: retention capacity before and after afforestation (fon ha™! yr=!);
c!, 6% saturation threshold before and after afforestation (ton ha™! yr=!).
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Figure 2: (a): Fragment of a flow direction matrix, where cell 4 represents the outlet, black arrows represent flow direction
and gray arrows denote the branches of the corresponding tree representation; (b): Tree representation of matrix in (a).
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Figure 3: Difference in flow simulation in CAMF-SFD and CAMF-MFD.
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Figure 4: Representation of flow direction in CAMF-MFD. (a) Fragment of a flow direction matrix, where cell 4 represents
the outlet; (b) Adjacency list representing the spatial interaction graph; (c) Topologically sorted list of cells.

G. Castillo et al.: Preprint submitted to Elsevier

Page 24 of 19



Selecting cells in a raster database for maximal impact intervention

T

oo

3“ /

& 7

DEM (m asl)
rici]

2482

0 1 2 3 4 5 f':§
N

Kilometers

Figure 5: Digital Elevation Model of the Tabacay catchment and its location in Ecuador (Estrella et al., 2014a).
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Figure 6: (a): Land cover map of the Tabacay catchment (Estrella, 2015); (b): LS-factor map computed with the ArcGIS
tool; (c): Initial local sediment production map a' (ton ha™' yr~') calculated by means of RUSLE.
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Figure 7: Maps cropped from the initial local sediment production map @' (fon ha™! yr~!') in the Tabacay catchment. (a):

% of the original raster data-set; (b): % of the original raster data-set.
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Figure 8: Digital Elevation Model of the Maarkebeek catchment in Belgium (Gabriels et al., 2022).
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Figure 9: Land cover map of the Maarkebeek catchment (Gabriels et al., 2022).
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Figure 10: Initial local sediment production map «
RUSLE.
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Figure 11: Maps cropped from the initial local sediment production map a! (ton ha™! yr=!) in the Maarkebeek catchment.

(a): % of the original raster data-set; (b): 1i6 of the original raster data-set.
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Figure 12: Sediment accumulation (SA) (fon ha=! yr~!) for the initial situation in the Tabacay catchment computed by (a):
CAMF-SFD; (b): CAMF-FD8; (c) CAMF-Doo. For CAMF-FD8 and CAMF-Doo the outlet consists of several (contiguous)
cells. In this cases SY is defined as the sum of the SA values in these outlet cells.
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Figure 13: Evolution of SYR (ton yr~!) for the Tabacay catchment using CAMF-SFD, CAMF-FD8 and CAMF-Deo. (a):
Absolute SYR. Horizontal lines: maximum attainable SYR by afforesting all candidate cells; (b): Relative SYR.
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Figure 14: Areas selected by CAMF-FD8 for afforestation in the Tabacay catchment. (a): 5% of candidate cells; (b):
10% of candidate cells; (c): 20% of candidate cells; (d): 30% of candidate cells.
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Figure 15: Evolution of SYR (tonyr~!) for the Maarkebeek catchment using CAMF-SFD, CAMF-FD8 and CAMF-Deo.
(a): Absolute SYR. Horizontal lines: maximum attainable SYR by afforesting all candidate cells; (b): Relative SYR.
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Figure 16: Timings for data-sets of increasing size. Small and intermediate data-sets correspond to respectively 16 and

% of the original data-set (see Tables 11-12). (a)-(c): Timings for calculating the initial SA matrix (linear scale); (b)-(d):

Timings for executing one iteration of the optimization loop (log scale).
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Steepest directign downslope

Figure 17: Flow direction computed with the Doo method, taken from Yang et al. (2015), based on Figure 2 in (Tarboton,
1997). a, + a, = 45°. Proportion flowing to neighbor cell 4 = a,/(a; + ,); Proportion flowing to neighbor cell 3 =
o, /(a; + ).
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