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Abstract A new grid coarsening strategy, denoted as hydrography-driven coarsening, is developed in
the present study. The hydrography-driven coarsening is designed to retain the essential hydrographic fea-
tures of valleys and channels observed in high-resolution digital elevation models: (1) depressions are filled
in the considered high-resolution digital elevation model, (2) the obtained topographic data are used to
extract a reference grid network composed of all surface flow paths, (3) the Horton order is assigned to
each link of the reference grid network, and (4) within each coarse grid cell, the elevation of the point lying
along the highest-order path of the reference grid network and displaying the minimum distance to the cell
center is assigned to this coarse grid cell center. The capabilities of the hydrography-driven coarsening to
provide consistent surface flow paths with respect to those observed in high-resolution digital elevation
models are evaluated over a synthetic valley and two real drainage basins located in the Italian Alps and in
the Italian Apennines. The hydrography-driven coarsening is found to yield significantly more accurate val-
ley and channel profiles than existing coarsening strategies. In absolute terms, the obtained valleys and
channels compare favorably with those observed. In addition, the proposed coarsening strategy is found to
reduce drastically the impact of depression-filling in the obtained coarse digital elevation models. The
hydrography-driven coarsening strategy is therefore advocated for all those cases in which the relief of the
extracted drainage network is an important hydrographic feature.

Plain Language Summary High-resolution digital elevation models (grid cell size of 1 m or less)
generated from light detection and ranging (lidar) surveys are making detailed topographic descriptions of
drainage basins increasingly available. On the other hand, grid coarsening is often necessary to meet com-
putational constrains in detailed, large-scale, and/or long-term hydrologic simulations. While nearest neigh-
bor coarsening remains the standard strategy, more complex coarsening strategies with special focus on
drainage basin hydrology have recently been proposed. However, existing coarsening strategies may not
capture important hydrographic features observed in high-resolution topographic data. Existing coarsening
strategies may cause significant alterations of land surface topography, especially when depression-filling
procedures are applied to coarsened digital elevation models. It is, therefore, relevant to seek grid coarsen-
ing strategies that can better retain the hydrographic features observed in high-resolution digital elevation
models, and that can have beneficial implications on the description of surface flow propagation, hyporheic
fluxes, and hydrologic interactions between hill slope and channel networks. A hydrography-driven coarsen-
ing strategy is developed and tested in the present study. This strategy is found to significantly improve the
capabilities of existing coarsening strategies to yield accurate descriptions of valleys and channels in coarse
digital elevation models.

1. Introduction

Digital elevation models are used to describe land surface topography and related attributes (e.g., Bonetti
et al., 2018; Gallant & Hutchinson, 2011; Wilson & Gallant, 2000). Gridded (regular network) or triangulated
irregular network digital elevation models are commonly used to define the computational meshes of dis-
tributed hydrologic models (e.g., Ivanov et al., 2004; Orlandini & Rosso, 1998). In addition, it has been shown
that flow nets can be automatically constructed from contour elevation data (Moretti & Orlandini, 2008).
High-resolution (1 m or less) grid digital elevation models based on light detection and ranging (lidar) sur-
veys are making detailed topographic descriptions of hill slopes and drainage basins increasingly available
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(e.g., Orlandini et al., 2012; Tarolli, 2014). However, grid (or network) coarsening is often necessary to meet
computational constrains in detailed, large-scale, and/or long-term hydrologic simulations (e.g., Camporese
et al., 2010; Kollet & Maxwell, 2006; Wilby et al., 2000). The nearest neighbor coarsening strategy is com-
monly used in drainage basin hydrology to resample digital elevation models (e.g., De Bartolo et al., 2016;
Le Coz et al., 2009; Orlandini & Moretti, 2009). However, especially when high-resolution data are coarsened
to a regular grid, this coarsening strategy may not capture relevant hydrographic features displayed by
high-resolution digital elevation models within the coarse grid cells. From a hydrologic point of view, it is
especially important to preserve the profiles of valleys and channels within the drainage basin.

One of the most exciting opportunities offered by grid digital elevation models is to enabling the automatic
extraction of drainage and channel networks (e.g., Montgomery & Foufoula-Georgiou, 1993; Orlandini et al.,
2011). The channel network is the pattern of tributaries and master streams in a drainage basin as delin-
eated on a planimetric map (Leopold et al., 1964, p. 131). Channel network relief is also important in hydrol-
ogy and geomorphology (Bras, 1990, p. 582). Commonly used methods for the extraction of channel
networks in grid digital elevation models imply generally three essential steps: (1) removal of pits or depres-
sions, (2) determination of surface slope directions and related surface flow paths forming the grid network,
and (3) identification of the channel network as the portion of the grid network extending downstream the
channel heads (e.g., Orlandini et al., 2011). In the first step, all the cells of the raw digital elevation model
with except for the outlet cell are processed in such a way to remove pits, that are cells having no neighbors
at a lower elevation (e.g., Barnes et al., 2014; Grimaldi et al., 2007; Hutchinson, 1989; Martz & Garbrecht,
1992). This facilitates the second and third steps, in which surface flow paths are obtained by connecting
grid cell centers along predetermined slope directions and the channel network is identified by using
threshold quantities for channel initiation computed over the extracted grid network (e.g., Gallant & Wilson,
2000; Orlandini et al., 2003, 2011, 2014). However, especially when standard nearest neighbor coarsening is
used to describe complex terrains, depression-filling procedures may cause local errors due to inappropriate
coarsening to propagate to upstream drainage areas, with significant alterations of the channel network
relief and potential implications on the description of surface flow propagation, hyporheic fluxes, and
hydrologic interactions between hill slope and channel networks (e.g., Hester & Doyle, 2008; McGuire &
McDonnell, 2010; Orlandini & Rosso, 1998).

There is therefore a need to make a better use of high-resolution topographic data based on lidar surveys
in distributed hydrologic models so that relevant hydrographic features of valleys and channels observed in
high-resolution topographic data are retained in coarse digital elevation models. Specific methods have
recently been developed to extract channels directly from high-resolution digital elevation models, but the
direct use of these extracted channels in distributed hydrologic models remains a challenge (e.g., Passalac-
qua et al., 2010a, 2010b, 2015). Methods for the determination of slope directions in coarse-resolution
(1–4 km) distributed hydrologic models have been developed by analyzing higher-resolution digital eleva-
tion models within each coarse grid cell (e.g., O’Donnell et al., 1999; Reed, 2003; Wang et al., 2000). Other
possible strategies for preserving the channel network structure in coarse digital elevation models have
been experimented by seeking the optimal degree of smoothing or the most effective constrains in high-
resolution topographic data (e.g., Chen et al., 2012; Le Coz et al., 2009; Zhou & Chen, 2011). In Chen et al.
(2012), Zhou and Chen’s (2011) compound method was shown to outperform the ANUDEM coarsening
strategy developed by Hutchinson (1989) and the stream burning algorithm developed by Saunders (2000)
when digital elevation models having a resolution greater than or equal to 3 m are used as input raster.
However, the capability of Zhou and Chen’s (2011) compound method to convey hydrographic features
observed in high-resolution (1 m or less) topographic data to significantly coarser grid digital elevation
models has not been tested so far.

In the present study, a different modeling philosophy is adopted by identifying and directly using the
hydrographically most significant elevations observed in high-resolution topographic data and in the
related network of surface flow paths. The resulting hydrography-driven coarsening strategy is designed to
convey the essential features of valleys and channels observed in high-resolution topographic data directly
to coarse grid digital elevation models so that the structure of the drainage network is preserved and the
impact of depression-filling is minimized. No filtering or interpolation of high-resolution topographic data is
applied, and results are evaluated against hydrographic features observed in high-resolution topographic
data. Digital elevation models and extracted drainage networks obtained from the proposed coarsening
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strategy, from standard nearest neighbor coarsening, and from Zhou
and Chen’s (2011) compound method are evaluated by using high-
resolution digital elevation models and related drainage networks as
a reference. Drainage basins located in the Italian Apennines and in
the Italian Alps are considered to test the proposed coarsening strat-
egy under different geomorphological settings.

2. Methods

The attention is focused in the present study on coarsening methods
that can be used in drainage basin hydrology and geomorphology to
transform a fine-resolution grid digital elevation model into a coarse-
resolution grid digital elevation model. A new hydrography-driven
coarsening strategy is developed to improve the ability of resampling
to retain the hydrographic features of drainage networks observed in
high-resolution digital elevation models. The standard nearest neigh-
bor coarsening strategy, the compound method proposed by Zhou
and Chen (2011), and the new hydrography-driven coarsening strat-
egy are described below. The considered coarsening strategies are
used in combination with depression-filling, slope direction, and chan-
nel initiation methods needed to extract a channel network from grid
digital elevation models. These tasks are performed in the present
study by using satisfactory methods existing in the literature, namely
the priority-flood depression-filling algorithm proposed by Barnes
et al. (2014), the D8-LTD slope direction algorithm proposed by Orlan-
dini et al. (2003), and channel initiation methods investigated by
Orlandini et al. (2011).

2.1. Nearest Neighbor Coarsening
The nearest neighbor (NN) coarsening is a technique for resampling
raster data in which the elevation of each cell center in an output ras-
ter is calculated by using the elevation of the nearest cell center in an
input raster. When more than one cell centers in the input raster are
found to be equally distant to the center of the output raster cell, the
average elevation over equally distant input cells is assigned to the
output cell center. This is, for instance, the case of the cell center in
the output raster that falls on the corner of four neighboring input ras-

ter cells (e.g., cell center C in Figure 1a). The NN coarsening allows a resampled digital elevation model to
preserve important geometrical properties such as symmetry of topographic structures observed in the
original high-resolution digital elevation model. As sketched in Figure 1b, however, the elevations zðNNÞ

observed in high-resolution topographic data in the centers of coarse grid cells may not represent the
hydrographic features observed within these coarse grid cells. This limitation is especially relevant when
complex topographic structures are represented by using coarse-resolution digital elevation models.

2.2. Compound Method Coarsening
The compound method (CM) coarsening developed by Zhou and Chen (2011) is selected in the present
study to represent coarsening strategies proposed in the literature for improving the capabilities of the NN
coarsening. A comparison between the CM and other existing coarsening strategies can be found in Chen
et al. (2012). The CM coarsening is essentially composed of three phases:

1. the high-resolution digital elevation model is converted to a triangulated irregular network, namely a TIN
whose surface does not deviate from the input raster by more than a specified Z-tolerance (by using the
ArcGIS Raster to TIN command);

2. the obtained TIN is adapted to assigned points describing relevant hydrographic features of observed
streamlines to obtain a more suitable drainage-constrained TIN; and
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Figure 1. Sketch of the hydrography-driven (HD) coarsening. When coarsening
a high-resolution grid (green cells in Figure 1a) to a coarse-resolution grid
(back cell in Figure 1a), the nearest neighbor (NN) elevation to the coarse grid
cell center C (zðNNÞ in Figure 1b), or some kind of average elevation lying
between the minimum and maximum terrain elevations observed within the
coarse cell (zðminÞ and zðmaxÞ , respectively, in Figure 1b), is commonly assigned
to the coarse grid cell center C. The HD coarsening assigns to the coarse grid
cell center C the elevation of the closest point P lying along the highest Horton
order surface flow path observed in high-resolution topographic data within
the coarse grid cell (zðHDÞ in Figure 1b).
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3. the drainage-constrained TIN resulting from phases 1 and 2 is used to determine the elevation of cell
centers in the desired coarse-resolution digital elevation model (by using the ArcGIS TIN To Raster
command).

When high-resolution (1 m or less) topographic data are used as input raster, phase 1 yields an accurate
description of valley and channel thalwegs (i.e., the lines that connect the deepest points of bathymetric
cross sections along the lengths of valleys and channels) and phase 2 becomes inessential. Under these
conditions, the CM coarsening is essentially driven by phase 3 and can therefore remain susceptible to the
same limitations of NN coarsening (section 2.1). This expected behavior of the CM coarsening is tested in
the present study.

2.3. Hydrography-Driven Coarsening
In order to better capture the drainage basin hydrography than existing methods, a new hydrography-
driven (HD) coarsening strategy is developed in the present study. In the first preparatory step of this new
strategy, the reference drainage basin hydrography is extracted from the highest-resolution digital eleva-
tion model data available by using state-of-the-art methods. In this step, the priority-flood depression-filling
algorithm proposed by Barnes et al. (2014) is used to remove pits and fill depressions in high-resolution dig-
ital elevation data. The loss of detail caused by depression-filling in the highest-resolution digital elevation
model data is insignificant in the perspective of resampling these data to significantly lower grid resolu-
tions. In fact, the goal of the proposed coarsening strategy is not to provide a perfect description of land
surface microtopography and associated hydrography (which is clearly an impracticable task), but rather to
ensure that hydrographic features observed in high-resolution digital elevation models generated from lidar
surveys are retained when these data are coarsened to satisfy the computational constrains met in drainage
basin hydrology. The D8-LTD slope direction algorithm proposed by Orlandini et al. (2003) is then used to
extract the grid network from the obtained high-resolution topographic data. Once the reference grid net-
work is extracted, the Horton order is assigned to each link of this network as sketched in Figure 1a.

In the second step, the hydrographic features observed in the high-resolution digital elevation model and
related grid network are used to yield hydrography-driven coarse-resolution digital elevation models.
Ordered surface flow paths provide a detailed description of hydrography within each cell of the output
grid. The essential features of this hydrography can therefore be conveniently synthesized and retained in
the resampling process. The elevation of each output cell center (e.g., point C in Figure 1) is set equal to
zðHDÞ, that is the elevation of the closest point lying along the highest Horton order path observed within
the output cell (e.g., point P in Figure 1). The value zðHDÞ is lying between zðminÞ and zðmaxÞ, respectively, the
minimum and the maximum cell elevation of the high-resolution grid cells falling within the coarse grid cell
(Figure 1b). The algorithm developed can also handle specific cases in which the edges of the coarse cell do
not match the edges of high-resolution cells. These cases are handled by considering, for each coarse cell,
only the high-resolution cells sharing at least 50% of their area with the coarse cell. Depression-filling is nor-
mally not needed or at most needed in a few unfortunate circumstances after HD coarsening.

3. Evaluation

NN, CM, and HD coarsening are evaluated by comparing grid and channel networks extracted in coarsened
grid digital elevation models with those observed in the original high-resolution grid digital elevation
model. A synthetic valley highlighting the possible impacts of coarsening methods and two real drainage
basins displaying different morphological settings are considered as test cases.

3.1. Synthetic Valley
The synthetic valley (SV) is represented in Figures 2 and 3. A digital elevation model with grid cell size
of 10 m is generated over a rectangular domain having size of 13 km along the x coordinate and 20 km
along the y coordinate to represent a wide valley followed in a downstream direction by a deep and
narrow canyon (Figure 2a). These topographic conditions can be found, for instance, in the eastern Ital-
ian Alps (e.g., Cismon, Mis, Cordevole, Ma�e, Piave, Cellina, and Lumiei Rivers). The SV drains from North
to South, in the direction of decreasing values of y. The thalweg of the valley has x coordinate xt 5 0 for
10; 000 � y � 20; 000 m, and
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Figure 2. Digital elevation models of a synthetic valley and extracted surface flow paths. (a) 10 m grid digital elevation model displaying no depressions and
extracted surface flow path (gray line) used as a reference. (b) 1 km grid digital elevation model obtained from nearest neighbor (NN) coarsening of the reference
10 m grid digital elevation model. (c) 1 km grid digital elevation model obtained from NN coarsening plus depression-filling and extracted surface flow path
(magenta line), as compared to the reference surface flow path (gray line). (d) 1 km grid digital elevation model obtained from compound method (CM) coarsening
of the reference 10 m grid digital elevation model. (e) 1 km grid digital elevation model obtained from CM coarsening plus depression-filling and extracted surface
flow path (magenta line), as compared to the reference surface flow path (gray line). (f) 1 km grid digital elevation model obtained from hydrography-driven (HD)
coarsening of the reference 10 m grid digital elevation model (no depressions are generated in this case) and extracted surface flow path (magenta line) as com-
pared to the reference surface flow path (gray line).
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Figure 3. Valley cross sections (a) A–A, (b) B–B, (c) C–C, and (d) D–D reported in Figure 2, showing the high-resolution
(10 m) topographic data and the alterations caused by nearest neighbor (NN) and hydrography-driven (HD) coarsening to
the resolution of 1 km plus depression-filling (NND and HDD, respectively). No depressions are generated after the HD
coarsening in the case reported in Figures 2 and 3. Results obtained from compound method (CM) coarsening (shown in
Figure 2 but not in Figure 3) are similar to those obtained from NN coarsening.
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for 0 � y < 10; 000 m. The elevation of the thalweg is set equal to zt50:0017 y for 0 � y < 20; 000 m.
Around the thalweg, cross sections are assumed to display a vertical axes of symmetry passing from the
thalweg, with a lower parabolic valley and upper plateaus above both sides of the parabolic valley (e.g., sec-
tions A–A and B–B in Figures 2a and 3a).

The lower parabolic valley is generated by using the functional relationship

z5nðx2xtÞ21zt (2)

for xt2
ffiffiffiffiffiffiffiffiffi
zp=n

p
� x � xt1

ffiffiffiffiffiffiffiffiffi
zp=n

p
and zt � z � zt1zp, where n is a parameter indicating the degree of nar-

rowness of the valley, xt is a planar coordinate of the thalweg, zt is the elevation of the thalweg, zp is the ele-
vation of the point at which the plateau initiate. On the (hydrographic) right-hand side of the parabolic
valley, for x < xt2

ffiffiffiffiffiffiffiffiffi
zp=n

p
and z > zt1zp, a plateau is generated through the power function relationship

z5zR110 ðxR2xÞ0:4; (3)

where zR5zt1zp110ðn zp=4Þ21=3 and xR5xt2
ffiffiffiffiffiffiffiffiffi
zp=n

p
1ðn zp=4Þ25=6 are determined by imposing continuity

of elevation z and slope z0 at z5zt1zp. On the (hydrographic) left-hand side of the parabolic valley, for x
> xt1

ffiffiffiffiffiffiffiffiffi
zp=n

p
and z > zt1zp, a plateau is generated through the power function relationship

z5zL110 ðx2xLÞ0:4; (4)

where zL5zt1zp110ðn zp=4Þ21=3 and xL5xt1
ffiffiffiffiffiffiffiffiffi
zp=n

p
2ðn zp=4Þ25=6 are determined by imposing continuity

of elevation z and slope z0 at z5zt1zp. The degree of narrowness of the parabolic valley around the thalweg
is imposed along the thalweg by varying coefficient n so as to obtain n5231022 m21 for 5 � y � 9; 995 m,
n52:7417310242ð19; 9952yÞ9:9658 m21 for 10; 005 � y � 14; 995 m, and n50:8409ð19; 9952yÞ21:2500 m21

for 15; 005 � y � 19; 995 m. This makes it possible to generate a complex valley composed of a deep and
narrow canyon for 0 � y � 10; 000 m (e.g., sections C–C and D–D in Figures 2a, 3c, and 3d) draining a wider
upstream valley for 10; 000 < y � 20; 000 m (e.g., sections A–A and B–B in Figures 2a, 3a, and 3b).

The high-resolution (10 m) grid digital elevation model of the SV is shown in Figure 2a along with the refer-
ence mainstream obtained by setting the threshold area for channel initiation At equal to 53106 m2. These
topographic data do not display depressions or pits. The results obtained from NN coarsening to a 1 km
grid are shown in Figure 2b. The digital elevation model obtained after NN coarsening plus depression-
filling (NND) and the related mainstream obtained by setting At553106 m2 are shown in Figure 2c. The
results obtained from CM coarsening to a 1 km grid are shown in Figure 2d. The digital elevation model
obtained after CM coarsening plus depression-filling (CMD) and the related mainstream obtained by setting
At553106 m2 are shown in Figure 2e. The results obtained from HD coarsening to a 1 km grid and the
related mainstream obtained by setting At553106 m2 are shown in Figure 2f. No depression-filling is
needed in this case after HD coarsening. Cross sections A–A, B–B, C–C, and D–D observed in high-resolution
data and after NN and HD coarsening and possible depression-filling are reported in Figure 3. NN and CM
coarsening produce similar results (Figures 2b–2e). The case of the SV illustrated in Figures 2 and 3 reveals
that NN and CM coarsening may produce local artificial damming of deep and narrow valleys (Figures 2b–
2e and 3), and that these local artifacts may have significant effects on upstream drainage areas when a
depression-filling procedure is applied (Figures 2c, 2e, and 3). This limitation of the NN and CM coarsening
is eliminated or at least mitigated by the HD coarsening, which retains the elevation of the highest-order
path within the coarse grid cell and does not cause therefore unnecessary depression-filling due to errone-
ous valley damming (Figures 2f and 3). The HD coarsening strategy contributes to drainage basin hydrology
by simultaneously preserving channel profiles and minimizing artificial depression-filling.

3.2. Crostolo River Drainage Basin
The first real case is the Crostolo River drainage basin shown in Figure 4. The Crostolo River is a tributary of
the Po River. The considered drainage basin has an extension of approximately 86 km2 and is located in
northern Italian Apennines near the town of Reggio Emilia. The centroid of the drainage basin has latitude
44

�
34014:1700N and longitude 10

�
31042:0600E. Planimetric and relief features of the Crostolo River drainage
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basin are shown in Figure 4a. The elevation ranges from 136 to 740 m above sea level (asl) with an aver-
age elevation of 391 m asl. In this area, the geologic substratum is constituted by clay shales of marine
origin. Clay-rich soils are mostly covered by bush and grass but also cultivated land are common. The
topography can be described as fairly complex as a result of surface water erosion and active landsliding.
The Crostolo River drainage basin is selected in the present study to investigate the behavior of NN, CM,
and HD coarsening in a real case where the topographic structures reproduced by the SV are not
observed.

3.3. Cordevole River Drainage Basin
The second real case is the Cordevole River drainage basin shown in Figure 4. The Cordevole River is a tribu-
tary of the Piave River. The considered drainage basin has an extension of approximately 690 km2 and is
located in eastern Italian Alps (Italian Dolomites) near the town of Belluno. The centroid of the drainage
basin has latitude 46

�
21033:9200N and longitude 11

�
58043:6900E. Planimetric and relief features of the Corde-

vole River drainage basin are shown in Figure 4b. The elevation ranges from 394 to 3,343 m asl with an
average elevation of 1,655 m asl. The geological formations are mainly limestones, dolomite, marl, and
sandstones that characterize the main ranges where jagged peaks and rock faces of hundreds of meters
high arise from forests and grasslands. The complex geomorphology provide constrains for the formation
of the channel network, that may extend in many cases along wide valley followed in a downstream direc-
tion by narrow canyons as reported in Figure 4c. The Cordevole River drainage basin is selected in the pre-
sent study to investigate the behavior of the NN, CM, and HD coarsening in a real case, where the
topographic structures reproduced by the SV are observed. As shown in the inset that zooms in a portion of
the Cordevole River drainage basin reported in Figure 4c, the use of the HD coarsening in preference to the
NN coarsening may have a significant impact on the extracted channel network as observed on a planimet-
ric map. An even more significant impact is also expected on the description of the channel network relief
as the HD coarsening is specifically designed to provide an accurate description of thalweg elevations and
profiles.

ITALY

0 2.5 5 km

Cordevole River

Crostolo River

Crostolo River
0 5 10 km
Cordevole River

0 1 2 km

LiDAR 1 m x 1 m

NN 200 m x 200 m

HD 200 m x 200 m

a

b

c

Figure 4. Channel networks in the (a) Crostolo River and (b) Cordevole River drainage basins used to test the hydrography-driven coarsening. 1 m digital elevation
models generated from lidar surveys are used after depression-filling to provide reference grid and channel networks (blue lines). (c) Channel networks extracted
from 200 m digital elevation models obtained after nearest neighbor (NN) coarsening and depression-filling (red lines) or hydrography-driven (HD) coarsening
only (black lines) are reported in the inset that zooms in a portion of the Cordevole River drainage basin. Results obtained from compound method (CM) coarsen-
ing (not shown in Figure 4) are similar to those obtained from NN coarsening.
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3.4. Comparison Between Grid Coarsening Strategies
In addition to the analysis reported in Figures 2–4, the impact of grid coarsening on the representation of
drainage basin topography is evaluated in Figure 5, where elevations obtained from NN and HD coarsening
plus depression-filling are compared to those given by NN coarsening only, in Figure 6, where elevations
obtained from NN and HD coarsening plus depression-filling are compared to those given by HD coarsen-
ing only, and in Table 1, where NN, CM, and HD coarsening are evaluated with special attention to the
impact of depression-filling procedures. Grid resolutions of 10, 20, 50, 100, 200, 500, and 1,000 m are consid-
ered for the SV (Figures 5a–5f and 6a–6c and Table 1). Grid resolutions of 1, 10, 50, 100, 200, 400, and 800 m
are considered for the Crostolo River and Cordevole River drainage basins (Figures 5g–5r and 6d–6i, and
Table 1). It is remarked here that the elevation of a coarse grid cell obtained from the NN coarsening only,
zðNNÞ, is the elevation of the coarse grid cell center observed in high-resolution topographic data (e.g., point
C in Figure 1), whereas the elevation of a coarse grid cell obtained from the HD coarsening only, zðHDÞ, is
considered in the present study to be the hydrographically most significant elevation among those
observed in high-resolution topographic data within the coarse grid cell (e.g., point P in Figure 1). The eleva-
tion of a coarse grid cell obtained from the CM coarsening only, zðCMÞ, is the elevation of the coarse grid cell
center observed in the drainage-constrained TIN. Elevations zðCMÞ and zðCMDÞ are not reported in Figures 5
and 6.

In the perspective mentioned above, the accuracy of the elevations assigned to coarse grid cells after NN
coarsening plus depression-filling (NND), namely zðNNDÞ, or after HD coarsening plus depression-filling
(HDD), namely zðHDDÞ, is evaluated by considering the elevations obtained from the HD coarsening only,
namely zðHDÞ, as targets. Three evaluation metrics are used, namely the mean error

ME5
1
N

XN

k51

�k ; (5)

the mean absolute error

MAE5
1
N

XN

k51

j�k j; (6)

and the root mean square error

RMSE5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

k51

�2
k

vuut ; (7)

where N is the number of coarse grid cells over which the error functions are computed, k is the counter of
the grid cell, �k5zðNNDÞ

k 2zðHDÞ
k when the nearest neighbor coarsening plus depression-filling (NND) is evalu-

ated or �k5zðHDDÞ
k 2zðHDÞ

k when the hydrography-driven coarsening plus depression-filling (HDD) is evaluated
ðk51; . . . ;NÞ. Computed values of ME, MAE, and RMSE for the SV, the Crostolo River drainage basin, and
the Cordevole River drainage basin are reported in Figures 6a–6c, 6d–6f, and 6g–6j, respectively.

The impacts of the NN, CM, and HD coarsening on the representation of drainage basin topography are
also evaluated in terms of altered cells (AC), percentage of altered cells (PAC), out-of-range cells (OORC),
and percentage of out-of-range cells (POORC) as reported in Table 1. AC is the number of coarse grid cells
displaying altered elevations after depression-filling with respect to the elevations assigned after NN, CM, or
HD coarsening only, namely zðNNDÞ 6¼ zðNNÞ, zðCMDÞ 6¼ zðCMÞ, or zðHDDÞ 6¼ zðHDÞ, respectively (Figure 1). PAC is
the percentage of AC with respect to the total number of coarse grid cells in the drainage system. OORC is
the number of coarse grid cells displaying elevations that are outside the elevation range observed within
these coarse grid cells in high-resolution topographic data, namely zðNNDÞ > zðmaxÞ; zðCMDÞ < zðminÞ or
zðCMDÞ > zðmaxÞ, or zðHDDÞ > zðmaxÞ, respectively (Figure 1). POORC is the percentage of OORC with respect to
the total number of coarse grid cells in the drainage system.

A further evaluation of the impact of grid coarsening on the representation of drainage basin topography is
obtained by considering the sample distributions Z of the elevations observed in high-resolution topo-
graphic data and in coarse-resolution digital elevation models after NN, CM, and HD coarsening plus
depression-filling. Special attention is focused on grid cells lying along the drainage system mainstreams.
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Figure 5. Comparison between nearest neighbor (NN) and hydrography-driven (HD) coarsening in the cases of (a–f) the syn-
thetic valley (SV), (g–l) the Crostolo River drainage basin, and (m–r) the Cordevole River drainage basin (Figures 2 and 4). Grid cell
elevations obtained from nearest neighbor coarsening and depression-filling, zðNNDÞ , or from hydrography-driven coarsening
and depression-filling, zðHDDÞ , are plotted against the grid cell elevations obtained from nearest neighbor coarsening only, zðNNÞ.
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The distributions of elevations observed along the mainstreams of the SV, the Crostolo River drainage basin,
and the Cordevole River drainage basin are reported in Figures 7a–7c, 7d–7f, and 7g–7j, respectively, in
terms of cumulative density functions (CDF). The entropy of grid cell elevations is used to provide a mea-
sure of the diversification of possible elevations (i.e., the internal states) that surface water elements can
take on the land surface of the drainage system (i.e., the whole system). The higher is the entropy of eleva-
tions, the higher is the diversity of the represented land surface topography. The differential entropy s(Z) of
the continuous distribution Z representing the elevations z observed in the drainage system or along the
drainage system mainstream is defined as

sðZÞ52

ð
Z

f ðzÞ log f ðzÞ dz; (8)

where Z is the support set of the distribution Z, namely the elevation range in the drainage system or along
the drainage system mainstream, f(z) is the probability density function (PDF) of Z, namely f ðzÞ5dFðzÞ=dz, F(z)
being the CDF of Z, and ‘‘log ’’ denotes the natural (base e) logarithm (Cover & Thomas, 2006, p. 243). By divid-
ing the range Z of the sample distributions Z into N bins of length D, the entropy of Z can be computed as

SðZ;DÞ52
XN

i51

pi log pi ; (9)

where

pi5

ð iD

ði21ÞD
f ðzÞ dz (10)

or, equivalently, pi5FðiDÞ2Fðði21ÞDÞ ði51; . . . ;NÞ.
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Figure 6. Mean error (ME), mean absolute error (MAE), and root mean square error (RMSE) displayed by the nearest
neighbor (NN) and hydrography-driven (HD) coarsening in the cases of (a–c) the synthetic valley, (d–f) the Crostolo River
drainage basin, and (g–i) the Cordevole River drainage basin. Errors are evaluated with respect to the elevation zðHDÞ

k as
�k5zðNNDÞ

k 2zðHDÞ
k , in the case of the nearest neighbor coarsening plus depression-filling, or �k5zðHDDÞ

k 2zðHDÞ
k , in the case of

the hydrography-driven coarsening plus depression-filling.
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As shown in Cover and Thomas (2006, p. 248), SðZ;DÞ1log D! sðZÞ as D! 0, which indicates a useful
rule for estimating the value of s(Z) given by equation (8) from the sample distributions reported in
Figure 7. In the present study, for values of D ranging from 1 to 50 m, the differential entropy of eleva-
tions given by

sðZÞ5SðZ;DÞ1log D (11)

is found to be essentially invariant with D. The percentage change in the differential entropy of elevations
observed when coarsening high-resolution topographic data to coarse-resolution grid digital elevation
models is computed as

ds5
sðZðCRÞÞ2sðZðHRÞÞ

sðZðHRÞÞ 3100; (12)

where sðZðCRÞÞ and sðZðHRÞÞ are the values of differential entropy of elevations computed over coarse-
resolution (CR) and high-resolution (HR) grid digital elevation models, respectively. CR grid digital elevation
models are obtained from NN, CM, or HD coarsening plus depression-filling. HR grid digital elevation mod-
els have resolutions of 10 m for the SV and 1 m for the Crostolo River and Cordevole River drainage basins.
The values of differential entropy of elevations s and of the related percentage change in differential
entropy of elevations ds caused by coarsening plus depression-filling are computed by using equations (11)
and (12), respectively, with D 5 30 m and reported in Table 2. As also made in the analysis reported in
Figure 7, special attention is focused in Table 2 on the elevations of grid cells lying along the drainage sys-
tem mainstreams.

Table 1
Cells Displaying Elevation Altered by Depression-Filling and Cells Displaying Out-of-Range Elevation in the Considered Test
Casesa

Nearest neighbor coarsening Compound method coarseningb Hydrography-driven coarsening

h
(m)

AC
(cells)

PAC
(%)

OORC
(cells)

POORC
(%)

AC
(cells)

PAC
(%)

OORC
(cells)

POORC
(%)

AC
(cells)

PAC
(%)

OORC
(cells)

POORC
(%)

Synthetic valley (A 5 2.603 km2)
10c 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
20 473 0.1 0 0.0 1,567 0.2 451,481 69.6 15 0.0 0 0.0
50 832 0.8 557 0.5 759 0.7 54,780 53.0 0 0.0 0 0.0
100 1,180 4.6 977 3.8 1,177 4.6 7,145 27.8 0 0.0 0 0.0
200 714 11.0 587 9.0 712 11.0 1,139 17.5 0 0.0 0 0.0
500 237 24.3 176 18.1 237 24.3 176 18.1 0 0.0 0 0.0
1,000 70 26.9 42 16.2 71 27.3 40 15.4 0 0.0 0 0.0
Crostolo River drainage basin (A 5 85.772 km2)
1c 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
10 4,026 0.5 553 0.1 5,473 0.6 17,479 2.0 34 0.0 11 0.0
50 423 1.2 1 0.0 464 1.4 64 0.2 0 0.0 0 0.0
100 150 1.7 0 0.0 155 1.8 6 0.1 1 0.0 0 0.0
200 55 2.6 0 0.0 59 2.8 0 0.0 0 0.0 0 0.0
400 26 4.8 0 0.0 26 4.8 0 0.0 0 0.0 0 0.0
800 13 9.5 0 0.0 13 9.5 0 0.0 0 0.0 0 0.0
Cordevole River drainage basin (A 5 690.804 km2)
1c 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
10 27,480 0.4 11,535 0.2 34,755 0.5 273,332 4.0 149 0.0 146 0.0
50 1,536 0.6 129 0.0 1,760 0.6 822 0.3 11 0.0 0 0.0
100 834 1.2 193 0.3 840 1.2 219 0.3 1 0.0 0 0.0
200 377 2.2 102 0.6 380 2.2 103 0.6 0 0.0 0 0.0
400 122 2.8 3 0.1 124 2.9 3 0.1 0 0.0 0 0.0
800 75 6.9 10 0.9 76 7.0 10 0.9 0 0.0 0 0.0

ah: grid cell size; AC: altered cells; PAC: percentage of altered cells; OORC: out-of-range cells; and POORC: percentage
of out-of-range cells. bParameter Z-tolerance is set equal to 8.0, 0.8, and 3.0 m for the SV, the Crostolo River drainage
basin, and the Cordevole River drainage basin, respectively (see Chen et al., 2012, value 3.0 m due to ArcGIS computa-
tional limitations). cGrid cell size in the reference digital elevation model.
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3.5. Evaluation of Extracted Surface Flow Paths
Additional metrics are defined to evaluate the ability of coarsening methods to provide consistent surface
flow paths with respect to those observed in high-resolution digital elevation models. It is remarked here
that in the present study the focus is not on depression-filling and slope direction methods, but rather on
the coarsening strategies used to retain the information content of high-resolution data in coarsened digital
elevation models. The results obtained from the proposed HD coarsening are compared to those obtained
from NN and CM coarsening.

The impact of the coarsening strategy on the plan geometry of extracted surface flow paths is expressed by
the mean plan distance

MPD5
1
N

XN

k51

dk ; (13)

the mean absolute plan distance

MAPD5
1
N

XN

k51

jdkj; (14)

and the root mean square plan distance

RMSPD5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

k51

d2
k

vuut ; (15)

where N is the number of coarse grid cells of the evaluated surface flow path and
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Figure 7. Cumulative density function (CDF) of the elevations observed, in high-resolution (HR) topographic data and in
digital elevation models obtained from nearest neighbor (NN), compound method (CM), and hydrography-driven (HD)
coarsening, along the mainstreams of (a–c) the synthetic valley (SV), (d–f) the Crostolo River drainage basin, and (g–i) the
Cordevole River drainage basin.
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðCÞk 2xðPÞk
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1 yðCÞk 2yðPÞk

� �2
r

(16)

is the elemental distance between the coarse grid cell center C lying along the evaluated flow path and the
closest point P of the flow path used as a reference as sketched in Figure 8 ðk51; . . . ;NÞ. The value of the
distance dk ðk51; . . . ;NÞ in equation (16) is considered to be positive when the cell center C lies on
the right-hand side of an observed traveling downslope along the reference surface flow path, null when it
lies on the reference flow path, and negative when it lies on the left-hand side of the reference surface flow
path. Details on the computation of the elemental distances dk ðk51; . . . ;NÞ can be found in Orlandini et al.
(2014). Computed values of MPD, MAPD, and RMSPD for the SV, the Crostolo River drainage basin, and the
Cordevole River drainage basin are reported in Figures 9a–9c, 9g–9i, and 9m–9o, respectively.

The impact of the coarsening strategy on the relief of extracted surface flow paths is expressed by the
mean elevation drop

MED5
1
N

XN

k51

ek ; (17)

the mean absolute elevation drop

MAED5
1
N

XN

k51

jek j; (18)

and the root mean square elevation drop

Table 2
Baseline and Percentage Change in Entropy of Elevations in the Considered Test Casesa

Nearest neighbor coarsening Compound method coarseningb Hydrography-driven coarsening

Drainage
system Mainstream

Drainage
system Mainstream Drainage system Mainstream

h (m) s (–) ds (%) s (–) ds (%) s (–) ds (%) S (–) ds (%) s (–) ds (%) s (–) ds (%)

Synthetic valley (A 5 2.603 km2)
10c 6.51 0.00 4.05 0.00 6.51 0.00 4.05 0.00 6.51 0.00 4.05 0.00
20 6.51 0.02 4.05 20.01 6.49 20.26 4.09 0.82 6.51 0.05 4.05 20.11
50 6.49 20.32 4.45 9.70 6.49 20.33 3.40 216.10 6.52 0.06 4.05 20.14
100 6.45 21.01 4.53 11.66 6.45 21.02 4.87 20.05 6.52 0.12 4.05 20.12
200 6.29 23.42 4.17 2.81 6.27 23.73 4.20 3.60 6.51 20.09 4.04 20.23
500 5.75 211.70 3.91 23.48 5.73 212.08 3.91 23.48 6.47 20.62 4.05 0.00
1,000 5.58 214.31 3.40 216.10 5.57 214.45 3.40 216.10 6.31 23.15 4.05 20.13

Crostolo River drainage basin (A 5 85.772 km2)
1c 6.24 0.00 5.98 0.00 6.24 0.00 5.98 0.00 6.24 0.00 5.98 0.00
10 6.24 0.00 5.96 20.33 6.24 20.00 5.91 21.17 6.24 20.00 5.97 20.25
50 6.21 20.53 5.91 21.16 6.21 20.54 5.90 21.39 6.21 20.54 5.90 21.46
100 6.21 20.52 5.87 21.85 6.21 20.52 5.86 22.09 6.24 20.02 5.84 22.36
200 6.20 20.63 5.83 22.60 6.20 20.64 5.89 21.57 6.20 20.70 5.81 22.81
400 6.20 20.64 5.78 23.41 6.20 20.65 5.79 23.18 6.18 20.92 5.81 22.78
800 6.20 20.69 5.33 210.89 6.20 20.60 5.44 29.05 6.14 21.65 5.68 24.96

Cordevole River drainage basin (A 5 690.804 km2)
1c 7.64 0.00 7.09 0.00 7.64 0.00 7.09 0.00 7.64 0.00 7.09 0.00
10 7.64 0.00 7.12 0.42 7.64 20.00 7.09 20.10 7.64 20.00 7.12 0.34
50 7.64 20.00 7.09 20.07 7.64 20.01 6.91 22.63 7.64 0.09 7.12 0.31
100 7.64 20.02 7.00 21.39 7.63 20.07 6.93 22.32 7.64 20.03 7.15 0.75
200 7.63 20.12 6.74 24.98 7.63 20.12 6.81 23.99 7.65 0.13 7.09 20.09
400 7.63 20.13 6.53 27.98 7.63 20.13 6.53 27.98 7.66 0.24 7.09 20.08
800 7.52 21.54 5.89 217.01 7.52 21.58 5.89 217.01 7.65 0.16 6.81 24.03

ah: grid cell size; s: differential entropy of elevations computed from equation (11) with D 5 30 m; ds: percentage change in s computed from equation
(12). bParameter Z-tolerance is set equal to 8.0, 0.8, and 3.0 m for the SV, the Crostolo River drainage basin, and the Cordevole River drainage basin, respec-
tively (see Chen et al., 2012, value 3.0 m due to ArcGIS computational limitations). cGrid cell size in the reference digital elevation model.
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RMSED5
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N
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k51

e2
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vuut ; (19)

where N is the number of coarse grid cells of the evaluated surface
flow path and

ek5zðCÞk 2zðPÞk (20)

is the elemental drop between the coarse grid cell center C lying
along the evaluated flow path and the closest point P of the flow path
used as a reference as sketched in Figure 8 ðk51; . . . ;NÞ. For any
coarse grid cell center C, the closest point P used in equations (17–19)
may be internal to the coarse grid cell as it occurs, for instance, in the
case of points C1 and P1 reported in Figure 8, or it may rather be exter-
nal to the coarse grid cell as occurs, for instance, in the case of points
C2 and P2 reported in Figure 8. It is also noted that the computation of
the distance dk ðk51; . . . ;NÞ in equations (13–16) may involve the
center C of the coarse grid cell lying along the evaluated surface flow
path and the closest center P of the high-resolution cell lying along
the reference surface flow path as occurs, for instance, in the case of
point P1 reported in Figure 8, or may rather involve a point P of the
reference flow path which is not a cell center as occurs, for instance,
in the case of point P3 reported in Figure 8. Computed values of MED,
MAED, and RMSED for the SV, the Crostolo River drainage basin, and
the Cordevole River drainage basin are reported in Figures 9d–9f, 9j–
9l, and 9p–9r, respectively.

4. Discussion

The HD coarsening strategy proposed in the present study is based
on the assumption that the elevation zðHDÞ defined in section 2.3 and
in Figure 1 is the hydrographically most significant elevation observed
in high-resolution topographic data within the coarse grid cell. Points

‘‘P’’ introduced in Figure 1 are the closest points to the coarse grid cell centers ‘‘C’’ that retain the essential
information about the highest-order path observed within the coarse grid cell. With respect to NN coarsen-
ing, points ‘‘P’’ preserve planimetric significance since they are as close as possible to the grid cell centers
‘‘C,’’ and they convey a greater relief significance since they provide the thalweg elevation at which the
water actually flows in the highest-order path observed. As illustrated in Figures 2 and 3 for the SV, when
high-resolution topographic data describing a narrow canyon are coarsened by using standard NN coarsen-
ing, the information loss regarding thalweg elevation (Figures 2b, 3c, and 3d) yields local artifacts and
abnormal depression-filling in upstream areas (Figures 2c, 2d, 3a, and 3b). The elevation zðHDÞ used in the
HD coarsening is hydrographically more significant than the elevation zðNNÞ used in the NN coarsening
because it provides a better description of the profiles of surface flow paths with direct implications on the
description of land surface topography due to the reduction of the impact of depression-filling. The results
reported in Table 1 clearly indicate that the need for depression-filling in coarse-resolution digital elevation
models is eliminated or at least drastically reduced when the HD coarsening is used in preference to NN
and CM coarsening. In absolute terms, the results reported in Figures 2 and 3, combined with those
reported in Table 1, reveal the ability of the HD coarsening strategy to preserve the thalweg profile of the
SV observed in high-resolution topographic data and to reduce the impact of depression-filling to null or
insignificant levels.

The results reported in Table 1 also reveal that the number of out-of-range cells, OORC, may be greater
than the number of altered cells, AC, when the CM coarsening is used and a small grid cell size h of the
coarse digital elevation model is selected. In these cases, at least OORC2AC coarse grid cells in the drainage
system are out-of-range as a result of coarsening only, and not of depression-filling. In fact, the TIN

evaluated path in

reference path in

coarse−resolution

high−resolution

topographic data

topographic data

C1

C2

C3

P2

P1

P3

Figure 8. Sketch of the comparison between surface flow paths extracted in
the coarse-resolution grid (red line) and in the high-resolution grid (blue line).
Surface flow paths having the same Horton order are compared along their full
extension. For any coarse-resolution grid cell center (C1, C2, and C3 in Figure 8)
the closest point lying on the reference surface flow path extracted in the high-
resolution grid is identified (P1, P2, and P3 in Figure 8). The plan distance
between points Ci and points Pi (i51; 2; . . .) and the elevation drops between
the same points are used to compute the evaluation metrics introduced in
section 3.
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Figure 9. Mean plan distance (MPD), mean absolute plan distance (MAPD), root mean square plan distance (RMSPD),
mean elevation drop (MED), mean absolute elevation drop (MAED), and root mean square elevation drop (RMSED) dis-
played by the nearest neighbor (NN), compound method (CM), and hydrography-driven (HD) coarsening in the cases of
(a–f) the synthetic valley, (g–l) the Crostolo River drainage basin, and (m–r) the Cordevole River drainage basin.
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generated in the CM coarsening by setting a given Z-tolerance, shortly denoted as Zt, provides for each
coarse grid cell an elevation that falls in the range between zðminÞ and zðmaxÞ if zðNNÞ2Zt � zðminÞ and
zðNNÞ1Zt � zðmaxÞ, or equivalently if Zt � zðNNÞ2zðminÞ and Zt � zðmaxÞ2zðNNÞ, or roughly if Zt � ðzðmaxÞ2zðminÞÞ
=2 by assuming that zðNNÞ is centered between zðminÞ and zðmaxÞ (Figure 1). Cases contributing to OORC may
instead occur if Zt > zðNNÞ2zðminÞ or Zt > zðmaxÞ2zðNNÞ, or more restrictively if Zt > zðmaxÞ2zðminÞ. These state-
ments are confirmed by the applications of the CM coarsening reported in the present study. NN and CM
coarsening are found to be similar when high-resolution digital elevation models are coarsened to large grid
cells (h � 500 m for the SV, h � 100 m for the Crostolo and Cordevole River drainage basins, as reported in
Tables 1 and 2, and in Figures 2, 7, and 9). Under these conditions, the TIN generated in the CM coarsening
describes accurately valley and channel thalwegs observed in high-resolution topographic data with no need
for a drainage-constrained TIN, and also describes accurately the topography of coarse grid cells displaying
elevation ranges zðmaxÞ2zðminÞ significantly greater than Z-tolerance. The coarse digital elevation model gener-
ated from this TIN is therefore close to the one generated directly from high-resolution topographic data by
using the NN coarsening. It is also confirmed that CM coarsening may be less accurate than NN coarsening
when high-resolution digital elevation models are coarsened to small grid cells (h< 500 m for the SV,
h< 100 m for the Crostolo and Cordevole River drainage basins, as reported in Table 1 and Figure 9). Under
these conditions, the TIN generated in the CM coarsening may be unable to describe accurately the topogra-
phy of many coarse grid cells, including those displaying elevation ranges zðmaxÞ2zðminÞ less than Z-tolerance.
The results reported in Table 1 reveal that CM coarsening is less accurate than NN coarsening for small values
of h and essentially equivalent to NN coarsening for large values of h. While NN coarsening preserves the ele-
vations of the high-resolution topographic data at the centers of coarse grid cells, and the HD coarsening uses
the elevations of the hydrographically most significant points observed within the coarse grid cells, the CM
coarsening may not display neither the former nor the latter quality.

Coarse-resolution grid cell elevations zðNNDÞ and zðHDDÞ given by the NN coarsening plus depression-filling
(NND) and HD coarsening plus depression-filling (HDD) are compared to the elevations zðNNÞ obtained from
NN coarsening only as reported in Figure 5. The case of the SV highlights how NN coarsening may cause an
abnormal impact of depression-filling procedures as a result of erroneous damming of valleys
(zðNNDÞ � zðNNÞ in Figures 5b and 5c). The HD coarsening may provide different elevations of coarse grid
cells with respect to those provided by NN coarsening especially where the thalweg of the highest-order
surface flow path is not close to the coarse grid cell center (zðHDDÞ > zðNNÞ or zðHDDÞ < zðNNÞ in Figures 5d–5f),
but it significantly mitigates the effects of depression-filling by preventing erroneous damming of canyons
(Figures 5a–5f). In the most regular portions of the SV (lateral areas draining into the canyon), the HD coars-
ening is found to provide elevations zðHDDÞ close to zðNNÞ indicating that differences between the coarsening
strategies examined can especially be expected in steep complex terrains. The real cases of the Crostolo
River and Cordevole River drainage basins reveal that the effects highlighted in the SV may attenuate when
real drainage basins are examined (Figures 5g–5r). The HD coarsening plus depression-filling displays
greater deviations (zðHDDÞ2zðNNÞ) than those displayed by NN coarsening plus depression-filling
(zðNNDÞ2zðNNÞ), indicating that the deviations due to the consideration of points ‘‘P’’ in preference to
points ‘‘C’’ within the coarse grid cell may dominate over those caused by erroneous depression-filling
(Figures 5g–5r).

The elevations zðHDÞ provided by the HD coarsening are, however, hydrographically significant and it is
therefore meaningful to consider these elevations as targets. In this perspective, the elevations zðHDÞ of the
points ‘‘P’’ are considered to be a reference in the evaluation metrics ME, MAE, and RMSE given by equations
(5–7). The variations of these metrics with grid cell size h reported in Figure 6 reveal that depression-filling
has an insignificant impact on coarsened data obtained from HD coarsening. This is also confirmed by the
analysis reported in Table 1, where it is clearly shown that the impact of depression-filling is reduced to null
or insignificant levels when the HD coarsening is applied in preference to the NN and CM coarsening. Table
1 also confirms that depression-filling plays a relatively greater role in the case of the SV than in the real
cases of the Crostolo River and Cordevole River drainage basins. In any case, the relative deviation between
the metrics obtained from NN and HD coarsening is found to increase with h in all the test cases. The pro-
posed HD coarsening is therefore found to be especially relevant when high-resolution data are coarsened
to relatively large cells as normally occurs in detailed, large-scale, and/or long-term hydrologic modeling.
Under these conditions, CM and NN coarsening provide similar results. While the results reported in Figures
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5 and 6, as well as in Table 1, do not provide a test for the NN, CM, and HD coarsening strategies but rather
a comparison between methods, the results reported in Figure 7 and Table 2 provide a meaningful statisti-
cal evaluation of the obtained coarse-resolution digital elevation models with respect to the original high-
resolution topographic data.

For all the SV, the Crostolo River drainage basin, and the Cordevole River drainage basin, the CDF of elevations
obtained from HD coarsening plus depression-filling is significantly closer to the CDF of elevations observed
in high-resolution topographic data after depression-filling than the CDF of elevations obtained from NN
coarsening plus depression-filling, with relative differences increasing as the size of the coarse grid cell
increases (Figures 7c, 7f, and 7i). Results obtained from CM coarsening are shown in Figure 7 to be similar to
those obtained from NN coarsening. The values of differential entropy of elevations, s, reported in Table 2
reveal that in the case of the SV the HD coarsening offers a remarkably better ability than the NN and CM
coarsening to preserve the information content of high-resolution topographic data (i.e., a smaller percentage
reduction in the entropy of elevations, 2ds). This is observed when the entropy of elevations is computed
over the whole drainage system and also, to a greater extent, when the attention is focused on the SV main-
stream. The percentage reduction in the differential entropy of elevations with respect to the reference case
obtained by considering high-resolution topographic data, 2ds, increases rapidly as the size of the coarse
grid cell increases. The same evidence is generally observed, even though in a less remarkable manner, over
the real cases of the Crostolo River and Cordevole River drainage basins. An exception is the case of the Cros-
tolo River drainage basin when the whole drainage system is considered. The analysis of coarse-resolution
grid digital elevation models in terms of entropy of elevations confirms the greater ability of the HD coarsen-
ing strategy to preserve the information content of high-resolution topographic data as compared to the NN
and CM coarsening strategies, with larger differences observed as the size of the coarse grid cell increases.
The different values of percentage reduction in the entropy of elevations, 2ds, observed when the whole
drainage system is considered or when only the mainstream is considered suggest that further work is
needed to provide an accurate representation of hill slopes within the coarse grid cells.

The NN, CM, and HD coarsening strategies are definitively tested by comparing extracted channels after
coarsening and depression-filling to the corresponding channels observed in high-resolution topographic
data. Plan geometry and relief of the compared channels are evaluated by computing the evaluation metrics
MPD, MAPD, and RMSPD given by equations (13–15), and the evaluation metrics MED, MAED, and RMSED
given by equations (17–19), respectively. As sketched in Figure 8, evaluated surface flow paths (points ‘‘C’’)
are compared with the corresponding surface flow path observed in the high-resolution topographic data
(points ‘‘P’’), and not to the highest-order path observed in the coarse grid cell as made in Figure 1. The evalu-
ation metrics are computed in the present study by considering the mainstream channel only in the consid-
ered drainage systems. A more comprehensive comparison between channel networks will be provided in a
future companion investigation. The results reported in Figure 9 reveal that the plan geometry of the surface
flow paths may be significantly affected by the coarsening strategy adopted in specific cases like the SV,
where an incorrect representation of thalweg profile yields significant terrain alterations during the
depression-filling phase (Figures 9a–9c). In real cases, the use of the HD coarsening in preference to the NN
and CM coarsening does not alter generally the accuracy with which the plan geometry of channels is repro-
duced (Figures 9g–9i and 9m–9o). The HD coarsening yields planimetrically comparable surface flow paths
to those obtained after NN and CM coarsening when the deviation from the coarse grid cell centers ‘‘C’’ due
to the selection of points ‘‘P’’ is compensated by a more accurate description of surface flow path profiles, or
planimetrically improved surface flow paths, when the better description of surface flow path profiles plays a
critical role (Figures 2c, 2d, and 4c). More importantly, the elevation metrics focusing on relief reveal a signifi-
cantly greater ability of the HD coarsening, as compared to NN and CM coarsening, to retain an accurate
description of thalweg profiles and to reduce the impact of depression-filling (Figures 9d–9f, 9j–9l, and 9p–
9r). In absolute terms, the results reported in Figure 9 reveal the ability of the HD coarsening strategy to pro-
vide planar descriptions of channels that are affected by acceptable absolute errors (MAPD < h=2 in Figures
9b, 9h, and 9n) and descriptions of channel profiles that are normally affected by insignificant absolute errors
(MAED < 0:18 m, MAED < 6:00 m, and MAED < 7:92 m in Figures 9e, 9k, and 9q, respectively), over the
whole range of geomorphological settings and grid cell sizes investigated.

The proposed HD coarsening strategy implemented in Fortran 90 can process the 1 m digital elevation
model of the 690.804 km2 Cordevole River drainage basin (690,803,828 cells) on a Dell workstation with
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Intel Xeon E5 10 cores @3.1 GHz, 128 GB RAM with CPU times less than 3 min. For the same test case, the
NN coarsening implemented in ArcGIS takes about 4 min, and the CM coarsening implemented in ArcGIS
takes about 90 min.

5. Conclusions

The proposed HD coarsening strategy was shown to greatly outperform the standard NN coarsening strat-
egy and the more complex CM coarsening strategy in synthetic test cases where coarse grid cells are used
to describe narrow canyons (Figures 2 and 3). In real drainage basins, results provided by the HD coarsening
differ from those provided by the NN and CM coarsening especially when complex terrains are considered,
with differences that generally increase as the grid cell size h of the coarse digital elevation model increases
(Figures 5 and 6, Table 1). This conclusion was supported by the CDF of elevations observed in the consid-
ered drainage systems and by the related values of differential entropy (Figure 7 and Table 2). Especially
when the attention was focused on grid cells lying along the mainstream, the degradation of information
content observed in terms of percentage reduction in differential entropy when high-resolution topo-
graphic data are coarsened was found to be significantly smaller when the HD coarsening was used in pref-
erence to the NN and CM coarsening (Table 2). In absolute terms, the HD coarsening was found to provide
planar descriptions of channels that are affected by acceptable absolute errors (MAPD < h=2) and descrip-
tions of channel profiles that are affected by insignificant absolute errors (MAED < 7:92 m), over the whole
range of geomorphological settings and grid cell sizes investigated (Figure 9).

The improvements offered by the HD coarsening over the NN and CM coarsening are due to the better abil-
ity of the HD coarsening to retain the thalweg profiles of valleys and channels and to reduce the impact of
depression-filling in resampled topographic data. The HD coarsening strategy is therefore advocated for all
those hydrologic applications where a detailed description of valley and channel thalweg profiles is impor-
tant and the impact of depression-filling needs to be minimized. The HD coarsening strategy is especially
relevant to the description of valleys and channels in landscapes dominated by canyons. In the whole range
of geomorphological settings, accurate descriptions of valley and channel profiles are expected to be
important to understand and predict surface flow propagation, hyporheic fluxes, and hydrologic interac-
tions between hill slope and channel networks. Future work will be directed to representing the hill slope
systems within the coarse grid cells and to describing the dynamic connectivity between channel and hill
slope networks in distributed surface-subsurface flow models.
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