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Abstract: Topographic delineation is critical to watershed hydrologic modeling, which may
significantly influence the accuracy of model simulations. In most traditional delineation methods,
however, surface depressions are fully filled and hence, watershed-scale hydrologic modeling is
based on depression-less topography. In reality, dynamic filling and spilling of depressions affect
hydrologic connectivity and surface runoff processes, especially in depression-dominated areas. Thus,
accounting for the internal hydrologic connectivity within a watershed is crucial to such hydrologic
simulations. The objective of this study was to improve watershed delineation to further reveal
such complex hydrologic connectivity. To achieve this objective, a new algorithm, HUD-DC, was
developed for delineation of hydrologic units (HUs) associated with depressions and channels.
Unlike the traditional delineation methods, HUD-DC considers both filled and unfilled conditions
to identify depressions and their overflow thresholds, as well as all channels. Furthermore, HUs,
which include puddle-based units and channel-based units, were identified based on depressions
and channels and the detailed connectivity between the HUs was determined. A watershed in North
Dakota was selected for testing HUD-DC, and Arc Hydro was also utilized to compare with HUD-DC
in depression-oriented delineation. The results highlight the significance of depressions and the
complexity of hydrologic connectivity. In addition, HUD-DC was utilized to evaluate the variations
in topographic characteristics under different filling conditions, which provided helpful guidance for
the identification of filling thresholds to effectively remove artifacts in digital elevation models.
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1. Introduction

Surface depressions are one of the dominant topographic characteristics for many landscapes.
For example, the Prairie Pothole Region (PPR) in North America is unique due to its numerous
depressions. It can be a challenge to model hydrologic processes in such depression-dominated
areas [1,2]. As a pre-processing procedure of hydrologic modeling, surface delineation is essential and
critical to reveal hydrologic connectivity across a land surface. Many methods have been developed
for surface delineation based on digital elevation models (DEMs) (e.g., [3–7]). In traditional delineation
methods, however, depressions in a watershed (including artifact depressions) are commonly removed
by implementing filling and/or breaching approaches [3,8–14]. That is, it is assumed in these methods
that the entire watershed contributes surface runoff to its associated outlet. This assumption can be
appropriate for watersheds with fewer depressions, but not for depression-dominated areas like PPR.
In reality, depressions have threshold controls on the hydrologic connectivity of a watershed [15–17],
and only a portion of the watershed contributes surface runoff to the outlet in most rainfall-runoff

events. In recent years, various studies, which focused on investigating hydrologic connectivity and the
related impacts on hydrologic processes, highlighted the significance of depressions [18–20]. Therefore,
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new watershed delineation methodologies are needed to capture the detailed connectivity between
depressions and reveal the real hydrologic processes.

Generally, a typical depression consists of a ponding area and at least one threshold (i.e., pour
point). Depressions in an area exhibit a hierarchical characteristic. Following a filling process, the
depressions that share the same threshold can merge into a larger, higher-level depression [15,16].
Such a merging process continues until all highest-level depressions are generated. In the existing
delineation methods, some algorithms focus on delineation of highest-level depressions only, while
others center on characterizing all level depressions. For example, Temme et al. [21] developed an
algorithm to search DEM cells for identification of the highest-level depressions and the algorithm
was further incorporated into a geomorphological model, LAPSUS (landscape process modelling
at multi-dimensions and scales), to investigate the dynamic landscape evolution. Arc Hydro is an
ArcGIS-based tool that handles data pre-processing for hydrologic modeling [22]. Differently from
the method by Temme et al. [21], in Arc Hydro all highest-level depressions are identified based on
the differences between the fully filled DEM and the original DEM. Consequently, it cannot provide
hydrologic connectivity between depressions. In addition, both methods do not consider channels in
their surface delineation. Chu et al. [23] developed a puddle delineation (PD) algorithm to identify
depressions at all different levels, and their associated thresholds and puddle-based units (PBUs).
The PD algorithm was further used to provide depression information for hydrologic modeling to
analyze the influence of depressions on hydrologic processes across various spatial scales [15,17,24].
Tahmasebi Nasab et al. [25] improved the PD algorithm by considering channels and developed
a depression-dominated delineation (D-cubed) algorithm. In addition to depressions at different
levels, the D-cubed algorithm further identifies PBUs and channel-based units (CBUs) based on
the highest-level depressions and channels. The PD and D-cubed algorithms are mainly used for
delineation of smaller scale surfaces.

The objective of this study was to reveal the internal hydrologic connectivity within watersheds.
To achieve this objective, a new algorithm, HUD-DC, was developed for delineation of hydrologic
units (HUs) associated with depressions and channels at a watershed scale. The performance of
HUD-DC was evaluated by comparing it with Arc Hydro in an application to the Upper Pipestem Creek
watershed in North Dakota. In addition, the original DEM was pre-filled with a series of incremental
water depths to analyze the variations in topographic characteristics under different filling conditions
and determine the filling threshold, which can be used to control or eliminate artifacts in DEMs.

2. Materials and Methods

2.1. Development of HUD-DC

HUD-DC implements ArcGIS-based surface delineation to reveal the hydrologic connectivity at a
watershed scale by identifying a series of HUs, including PBUs and CBUs, and provides topographic
information related to depressions and channels for hydrologic modeling in depression-dominated
watersheds. Following Chu et al. [23] and Tahmasebi Nasab et al. [25], a PBU consists of a highest-level
depression and its contributing area, while a CBU includes a channel segment and its contributing area.
Moreover, one highest-level depression may have a number of embedded lower-level depressions.
Since a PBU does not contribute water to its downstream HU(s) (PBU or CBU) until the highest-level
depression of the PBU is fully filled and the focus of HUD-DC is on the surface delineation at a
watershed scale, the dynamic merging and splitting of lower-level depressions within a PBU are not
taken into account in HUD-DC. Compared with Arc Hydro, HUD-DC considers both depressions
and channels when identifying contributing areas and provides the detailed connectivity between
HUs. Similarly to the D-cubed algorithm, HUD-DC delineates a surface into numerous HUs (PBUs
and CBUs) and determines their relationships and connectivity. However, instead of searching for
depressions at all levels, HUD-DC only identifies the highest-level depressions, and new approaches are
used in HUD-DC for watershed-scale surface delineation. To illustrate the methodology of HUD-DC,
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an artificial surface with 10 × 10 DEM grids (Figure 1a) was used in this study. Figure 1b,c, respectively,
show the fully filled DEM and the flow directions under a fully filled condition, both of which are
utilized as input data of HUD-DC. The fully filled DEM was created by using the ArcGIS filling function,
while the flow directions were determined by using the methods developed by Tarboton et al. [26] and
Jenson and Domingue [5]. HUD-DC consists of two major modules, depression identification module
and channel and HU identification module. Their procedures are detailed in the following sections.
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2.1.1. Identification of Depressions

Figure 2 shows the flowchart of the depression identification module. The identification of
depressions includes four major steps: (1) identification of the filled cells; (2) searching for possible
depression cells; (3) elimination of ‘fault’ depression cells; and (4) identification of ‘real’ depression cells.
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Figure 3 shows the detailed depression delineation processes for an artificial surface. In this
module, a searching process is implemented for all filled DEM cells by comparing the elevation
differences between the original DEM and the fully filled DEM (Figures 2 and 3a). Each highest-level
depression includes filled cells in an area and its associated threshold(s). Thus, after the filled cells
are found, three cell loops are carried out to identify the overflow thresholds related to the filled cells.
The first cell loop (Figure 2) is executed to find all possible depression cells and assign IDs to them
based on the fully filled DEM (Figure 3b). In this loop, if one cell is a filled cell without ID, a new
ID is generated and assigned to it and the same ID is given to its surrounding cells with an identical
elevation. This loop continues until all possible depression cells are located. Since the first cell loop
is only based on the elevations of the cells in a fully filled condition, some possible depression cells
have the same elevation but no hydrologic connectivity with ‘real’ depression cells. For example, the
elevation of cell J7 in Figure 3b equals 10, which is the same as the elevation of other cells in depression
P3. However, cell J7 receives runoff from cell J6 and discharges to cell J8, while cell I8 receives the
runoff generated from cells H7 and H8 and then transmits runoff to cell J9 (Figure 1c). Therefore, cell J7
is a ‘fault’ depression cell that has no hydrologic connectivity with other ‘real’ depression cells in P3.
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the possible depression cell, it is defined as a ‘fault’ depression cell and removed from its associated
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depression. After all ‘real’ depression cells are confirmed, the third cell loop (Figure 2) is initiated to find
the thresholds of depressions and assign IDs to them. If a cell is a depression cell and its downstream
cell is not a depression cell, it is defined as the threshold of its associated depression. Particularly,
a depression may contain multiple thresholds. For example, both threshold T1 and threshold T2 in
Figure 3d belong to depression P1 (a two-threshold depression), while thresholds T3 and T4 respectively
are the thresholds of their associated depressions P2 and P3 (two single-threshold depressions).

2.1.2. Identification of Channels and Hydrologic Units

The channel and HU identification module was executed to identify channels, PBUs, CBUs,
and the connectivity between HUs. The method proposed by Jenson and Domingue [5] was used in this
module to find channels in the fully filled condition, depending on a user-defined flow accumulation
threshold and the flow directions (Figure 4). Figure 5a shows channel cells for the artificial surface
(Figure 1a) when the flow accumulation threshold is set to 5. Note that the channel cells within
depressions were removed by overlaying the channels and depressions (Figure 4), and the IDs of
remaining channel cells were determined by using the ‘Stream Link’ function in ArcGIS. Figure 5b
shows the cells identified for four channels. To identify PBUs and CBUs, it is required to find the
‘outlets’ of depressions and channels, which are depression thresholds and channel ending points. Since
all depression thresholds were found in the depression identification module, only channel ending
points were searched by using a cell loop after the identification of channel cells within depressions
(Figure 4). If a cell belongs to one channel and this channel does not have an ending point, the cell is
defined as the channel ending point. On the other hand, if the cell belongs to one channel that already
has an ending point, the flow accumulation of the cell and the current ending point are compared and
the cell with a higher flow accumulation is set as the new channel ending point. This loop continues
until all channel cells are searched and identified. Following this cell loop, the ending points of the four
channels are identified (i.e., O1-O4 in Figure 5c). Since HUD-DC focuses on the watershed-scale surface
delineation, an optional procedure can be executed to eliminate short channels based on a user-defined
channel length threshold (Figure 4). The criteria to delete a channel were: (1) the length of a channel is
shorter than the user-defined length threshold, and (2) the flow direction at the ending point of the
channel does not point toward the outside (i.e., the ending point is an outlet). In this study, channel
ending points were considered in the calculation of channel lengths. For example, the length of channel
S2 was 2 (Figure 5b). If the channel length threshold was 3, S2 was removed from the channel cells,
and cells F8 and G8 in channel S2 were then assigned as contributing cells of P3 (Figure 5d). For S4,
however, although its length is the same as that of S2 (i.e., 2), it is still considered as a channel because
cell J10 is the final outlet of the entire surface (Figure 5d). After all channel ending points were finalized,
a channel loop was performed to assign continuous IDs for the channels and their ending points that
follow the IDs of the depressions and their thresholds, respectively (Figure 4). For example, channel S1
and channel ending point O1 were changed to P4 and T5, respectively (Figure 5e). The delineation
of HUs is the final key procedure in the channel and HU identification module. HUD-DC employs
the ‘Watershed’ function in ArcGIS to handle the delineation of HUs by considering the depression
thresholds and the channel ending points as pour points (Figures 4 and 5f). The IDs of the identified
depressions and HUs were assigned to their associated HUs.
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Based on the input data, HUD-DC generates a set of output files related to HUs and their 
connectivity. Since HUD-DC is an ArcGIS-based algorithm, the output files of HUD-DC are in either 
raster or vector format, which facilitates the related hydrologic modeling. Two major types of output 
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2.1.3. Output Data and Format

Based on the input data, HUD-DC generates a set of output files related to HUs and their
connectivity. Since HUD-DC is an ArcGIS-based algorithm, the output files of HUD-DC are in either
raster or vector format, which facilitates the related hydrologic modeling. Two major types of output
files include: (1) polygon files that store depression and HU characteristics and (2) point files that store
the information about depression thresholds and channel ending points. The polygon files related to
depressions and HUs contain maximum depression storage (MDS), maximum ponding area (MPA),
HU area, and the threshold numbers of HUs. The point files store not only the IDs of depression
thresholds and channel ending points but also the IDs of upstream and downstream HUs. In this way,
the hydrologic connectivity between HUs can be saved in these files. Furthermore, channel lengths
and slopes are also saved in the point files related to the channel ending points.

2.2. Study Area and Testing of HUD-DC

In this study, the Upper Pipestem Creek watershed in North Dakota (Figure 6) was selected to test
the performance of HUD-DC in surface delineation. As the contributing area of the USGS 06469400
Pipestem creek gauge station (47◦10′03” N, 98◦58′07” W), the study area covers an area of 1668.12 km2,
including parts of four counties in North Dakota (i.e., Wells, Foster, Kidder, and Stutsman counties)
(Figure 6). Based on the 2011 NLCD (National Land Cover Database), the study area is mainly covered
by cultivated crops (42.89%), herbaceous (26.01%), and pasture (14.81%). Moreover, the open water
and emergent herbaceous wetlands account for 6.28% and 5.89%, respectively.
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Since numerous depressions are scattered across the study area, analyzing depressions and their
connectivity is critical to modeling of hydrologic processes in this watershed. An original 30-m DEM
of the watershed was downloaded from the USGS National Map Viewer and used as the input data
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of HUD-DC for surface delineation. Arc Hydro was also applied to the study area and compared
with HUD-DC in delineation of depressions. In addition, the similarities and differences between
the two methods were analyzed according to the surface delineation results and the underlying
methodologies. Based on the delineation results of HUD-DC, topographic characteristics of the study
area were analyzed to highlight the significance of depressions.

The existence of artifacts in DEM is a critical issue in depression identification. Numerous
insignificant depressions can be generated from the original DEM [27]. In this study, the original DEM
was pre-filled. Specifically, a series of incremental water depths were applied to fill depressions, and
meanwhile the variations in topographic characteristics (e.g., MDS, MPA, and number of depressions)
with the filling depths were analyzed, from which a filling threshold was identified to ensure that the
artifacts were effectively removed without significantly changing the topographic characteristics and
hydrologic connectivity of the study area.

3. Results

3.1. Watershed Delineation and Topographic Analysis

Figure 7a,b, respectively, shows the surface delineation results from Arc Hydro and HUD-DC based
on the original DEM of the Upper Pipestem Creek watershed. For Arc Hydro, because channels were
not considered in the ‘Depression Evaluation’ tool, only depressions and their associated contributing
areas (CAs) were identified for the watershed (Figure 7a). Compared with Arc Hydro, HUD-DC
extracted the channel drainage network of the watershed from the DEM (Figure 7b), identified CAs for
all depressions and channels, and calculated the connectivity between HUs.
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It can be observed from the delineation results that depressions dominate the study area, and
they divide the entire watershed into numerous relatively independent HUs, which causes hydrologic
disconnectivity. The depressions delineated by both methods have a similar distribution: numerous
small depressions are scattered across the watershed, and large depressions are mainly located in the
southwest of the study area (Figure 7). The channels identified by HUD-DC are mainly located in the
middle of the watershed, forming a drainage network that connect different depressions. Specifically,
17,827 depressions were identified by HUD-DC. The MDS and MPA of the entire watershed are
404.33 × 106 m3 and 292.04 km2, respectively (Table 1). However, Arc Hydro yielded more depressions
and smaller MPA than HUD-DC (Table 1).

Table 1. Comparison of the delineation results from Arc Hydro and HUD-DC. (MDS: maximum
depression storage; MPA: maximum ponding area; PBU: puddle-based unit in HUD-DC; DCA:
depression contributing area in Arc Hydro).

Method/Tool
Number of

Depressions
MDS MPA PBU or DCA

(106 m3) (km2) (km2) (%)

Arc Hydro 18,190 404.33 267.47 1668.12 100.00
HUD-DC 17,827 404.33 292.04 1597.22 95.19

3.2. Identification of Filling Threshold for Removing Artifacts

As mentioned previously, numerous small depressions, including artifacts, were identified in the
delineation process. To identify the filling threshold for removing those artifacts, the original DEM
was pre-filled gradually with a set of incremental water depths and the variations in topographic
characteristics (e.g., MDS, MPA, number of depressions) were examined under different filling
conditions. Figure 8 shows the variations of the normalized maximum depression storage (NMDS),
normalized maximum ponding area (NMPA) and normalized number of depressions (NDN) with
the increase of the filling depth. The NMDS, NMPA, and NDN in a filling condition are defined
as the ratios of the MDS, the MPA, and the number of depressions under such a filling condition



Water 2020, 12, 7 10 of 14

to their corresponding values under the unfilled condition. An overall decreasing pattern can be
observed for the three dimensionless topographic parameters (Figure 8). NDN exhibits the steepest
decrease, while NMPA and NMDS decrease gradually with an increase of the filling depth (Figure 8).
From Figure 8, four stages can be identified in the filling process: (1) removal of the artifacts (filling
depth = 0–0.1 m), (2) filling small depressions (filling depth = 0.1–1.0 m), (3) filling medium depressions
(filling depth = 1–5 m), and (4) filling large depressions (filling depth = 5–13 m). In the first stage,
NMDS and NMPA decreased by 0.007 and 0.178, respectively (Figure 8). However, NDN decreased by
0.645, indicating that the depressions filled during this stage are mainly extremely small depressions
that almost have no storage capacities. Thus, these depressions can be considered as artifacts and 0.1 m
can be used as the filling threshold to control most artifacts for this study area. During the second
stage, the decreasing rates of NMPA and NDN gradually became smaller. These phenomena are due to
the filling of small depressions, which are the major depressions in quantity, but have limited storages
and areas in the watershed. The medium depressions are fully filled in the third stage. During this
period, NMDS decreased from 0.904 to 0.298 with a relatively stable rate, but NMPA and NDN still
show a decreasing trend (Figure 8). In general, the decreasing rates of NMPA and NMDS are higher
than that of NDN, which indicates that the medium depressions have relatively larger storages and
areas, but their number is limited. When the filling depth reached 5 m, NDN equaled 0.002 (Figure 8),
implying that only a few large depressions were not fully filled in the study area at the fourth stage.
Because the depressions with substantial storages and areas were fully filled, hierarchical drops of
NMDS and NMPA can be observed during the filling process in this stage.

Water 2019, 11, 2 FOR PEER REVIEW 11 of 15 

 

Filling depth (m)

0 2 4 6 8 10 12 14

N
or

m
al

iz
ed

 to
po

gr
ap

hi
c 

ch
ar

ac
te

ris
tic

s

0.0

0.2

0.4

0.6

0.8

1.0
NMDS 
NMPA 
NDN 

 

Figure 8. Variations of topographic characteristics with different filling depths. (NMDS: normalized 
maximum depression storage; NMPA: normalized maximum ponding area; NDN: normalized 
number of depressions). 

Figure 9 shows the spatial distributions of depressions and HUs and the variations of 
hydrologic connectivity with an increase of filling depths. Compared with the unfilled condition 
(Figure 7b), when depressions were filled with a water depth of 0.1 m, more CBUs were developed 
in the middle of the watershed, but the hydrologic connectivity was still not well developed due to 
the existence of small depressions (Figure 9a). In this condition, the percentages of PBUs and CBUs 
for the entire area were 86.90% and 13.10% (Table 2), respectively, indicating that depressions still 
dominated the study area. When the filling depth reached 1 m, both PBUs and CBUs accounted for 
almost half of the total watershed area (Table 2) and a relatively complete channel network emerged 
in the northeast of the watershed (Figure 9b). However, because two large PBUs (i.e., the PBUs in the 
rectangle areas in Figure. 9b) broke the connectivity between CBUs, the CA of the watershed outlet 
was still limited. When depressions were filled by a 5-m depth, CBUs dominated the study area and 
accounted for 90.30% of the entire watershed area. Figure 9c illustrates that almost the entire 
watershed has a well-developed connection to its associated outlet, except for several PBUs in the 
southwest and south of the watershed. 

Table 2. Topographic characteristics of the Upper Pipestem Creek watershed with the original DEM 
filled by a depth of 0.1 m, 1.0 m, and 5.0 m. (MDS: maximum depression storage; MPA: maximum 
ponding area; PBU: puddle-based unit; CBU: channel-based unit). 

Filling Depth MDS MPA PBU CBU 
(m) (106 m3) (km2) (km2) (%) (km2) (%) 
0.1 401.19 240.09 1449.51 86.90 218.61 13.10 
1.0 365.55 162.47 912.26 54.69 755.86 45.31 
5.0 120.56 36.97 161.82 9.70 1506.30 90.30 

Figure 8. Variations of topographic characteristics with different filling depths. (NMDS: normalized
maximum depression storage; NMPA: normalized maximum ponding area; NDN: normalized number
of depressions).

Figure 9 shows the spatial distributions of depressions and HUs and the variations of hydrologic
connectivity with an increase of filling depths. Compared with the unfilled condition (Figure 7b),
when depressions were filled with a water depth of 0.1 m, more CBUs were developed in the middle
of the watershed, but the hydrologic connectivity was still not well developed due to the existence
of small depressions (Figure 9a). In this condition, the percentages of PBUs and CBUs for the entire
area were 86.90% and 13.10% (Table 2), respectively, indicating that depressions still dominated the
study area. When the filling depth reached 1 m, both PBUs and CBUs accounted for almost half of the
total watershed area (Table 2) and a relatively complete channel network emerged in the northeast of
the watershed (Figure 9b). However, because two large PBUs (i.e., the PBUs in the rectangle areas
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in Figure 9b) broke the connectivity between CBUs, the CA of the watershed outlet was still limited.
When depressions were filled by a 5-m depth, CBUs dominated the study area and accounted for
90.30% of the entire watershed area. Figure 9c illustrates that almost the entire watershed has a
well-developed connection to its associated outlet, except for several PBUs in the southwest and south
of the watershed.

Table 2. Topographic characteristics of the Upper Pipestem Creek watershed with the original DEM
filled by a depth of 0.1 m, 1.0 m, and 5.0 m. (MDS: maximum depression storage; MPA: maximum
ponding area; PBU: puddle-based unit; CBU: channel-based unit).

Filling Depth MDS MPA PBU CBU

(m) (106 m3) (km2) (km2) (%) (km2) (%)

0.1 401.19 240.09 1449.51 86.90 218.61 13.10
1.0 365.55 162.47 912.26 54.69 755.86 45.31
5.0 120.56 36.97 161.82 9.70 1506.30 90.30
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Figure 9. Spatial distributions of depressions and hydrologic units with the original DEM filled by a
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frames: PBUs that break the connectivity of CBUs).

4. Discussions

Surface depressions increase the complexity of hydrologic connectivity in depression-dominated
areas. However, they are usually removed in traditional delineation methods. Two approaches are
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often utilized to handle depressions in surface delineation: identifying the highest-level depressions
(e.g., [21,22]), and identifying depressions across all hierarchical levels (e.g., [23,25]). HUD-DC
developed in this study not only identifies surface depressions, but also delineates channels and
quantifies the connectivity between depressions and channels. Differently from the second approach
that delineates all-level depressions at smaller spatial scales, HUD-DC focuses on improving the
efficiency of surface delineation and revealing hydrologic connectivity at a larger watershed scale.

In the comparison of the delineation results from Arc Hydro and HUD-DC, the differences in
MPA and the number of depressions can be attributed to the difference in the definitions of depression
in the two methods. In Arc Hydro, each filled area is defined as a depression, and depression overflow
thresholds are not considered. In HUD-DC, however, depression thresholds are also identified for all
filled areas. If two filled areas (i.e., depressions) share the same threshold, they merge, forming one
higher-level depression. Therefore, the number of depressions calculated by HUD-DC is smaller than
that from Arc Hydro. In addition, the MPA calculated by HUD-DC is the summation of all filled areas
and the threshold areas. Consequently, the MPA obtained by HUD-DC is larger than that from Arc
Hydro. The delineation results of both methods highlight the importance of depressions in watershed
modeling for depression-dominated areas [18–20].

The hydrologic connectivity of a surface exhibits a dynamic and hierarchical variation pattern
during the filling of depressions [16,19]. The discussion on depression characteristics during the filling
process in Section 3.2 indicates that removing artifacts did improve the hydrologic connectivity in the
study area without significant changes in NMDS. The percentage of PBUs in the study area decreased
from 95.19% to 86.90%. However, the NMDS only decreased by 0.007. It was also found that small
and medium depressions dominated the influence on the variations of hydrologic connectivity in
the study area. Filling the small and medium depressions resulted in a significant improvement in
hydrologic connectivity. For large depressions, since a significant amount of runoff water is required to
fully fill them, they can be considered as a ‘dead zone’ in the hydrologic connectivity analyses and
hydrologic simulations under most circumstances. Additionally, the spatial distribution of depressions
also influenced the hydrologic connectivity of the study area.

Since HUD-DC is designed for delineating HUs at a watershed scale, the internal low-level
depressions in PBUs are not considered. In addition, three cell loops are implemented for the
identification of depression thresholds in the current algorithm, which may influence the efficiency of
HUD-DC, especially for very large watersheds.

5. Conclusions

In this study, HUD-DC was developed to investigate hydrologic connectivity in depression-
dominated areas (e.g., PPR) and provides detailed topographic characteristics for hydrologic models.
To test the performance of HUD-DC in surface delineation, it was applied to the Upper Pipestem
Creek watershed in North Dakota and compared with the ‘Depression Evaluation’ function in Arc
Hydro. The topographic characteristics of the study area under the unfilled condition were analyzed.
Particularly, HUD-DC was utilized to evaluate the changes in topographic features under different
filling conditions, which enabled the identification of the filling threshold to effectively remove artifacts
in the DEM.

In the comparison with Arc Hydro, HUD-DC yielded similar results, demonstrating its accuracy in
the surface delineation and identification of depressions. The differences between the two methods were
mainly associated with the definition of depressions and the depression searching procedure. Numerous
depressions were scattered across the study area and the percentage of PBUs was 95.19%, which
emphasized the significance of depressions in hydrologic connectivity in this depression-dominated
watershed. In the analyses of topographic characteristics for various filling depths, four filling stages
were identified based on the variation trends of NMDS, NMPA, and NDN, and dynamic variations
of hydrologic connectivity in the study area were observed. For the selected watershed, a depth of
0.1 m was selected as the filling threshold that can be used to control or remove most artifacts in the
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DEM. Although HUD-DC was successfully applied to the Upper Pipestem Creek watershed for surface
delineation, more tests would be helpful to improve its efficiency and demonstrate its applicability,
especially for large-scale watersheds.
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