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Abstract

Watershed delineation and flow direction representation are the foundations of streamflow routing in spatially
distributed hydrologic modeling. A recent study showed that hexagon-based watershed discretization has several
advantages compared to the traditional Cartesian (latitude-longitude) discretization, such as uniform connectivity
and compatibility with other Earth system model components based on unstructured mesh systems (e.g., oceanic
models). Despite these advantages, hexagon-based discretization has not been widely adopted by the current
generation of hydrologic models. One major reason is that there is no existing model that can delineate hexagon-
based watersheds while maintaining accurate representations of flow direction across various spatial resolutions.
In this study, we explored approaches such as spatial resampling and hybrid breaching-filling stream burning
techniques to improve watershed delineation and flow direction representation using a newly developed hexagonal
mesh watershed delineation model (HexWatershed). We applied these improvements to the Columbia River basin
and performed 16 simulations with different configurations. The results show that (1) spatial resampling modulates
flow direction around headwaters and provides an opportunity to extract subgrid information; and (2) stream
burning corrects the flow directions in mountainous areas with complex terrain features.
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1. Introduction

Flow direction and watershed delineation are the foundations of runoff and streamflow routing in spatially
distributed hydrologic modeling[1-5]. However, one must first perform spatial discretization to calculate flow
directions.

5 To date, most existing flow direction methods have been developed based on Cartesian grid discretization[6-15].
They are thus subject to several limitations[16]: (1) the Cartesian grid cannot represent adjacency uniformly. In a
Cartesian system, each rectangular cell has two types of neighbors, direct/face and diagonal/vertex neighbors. As

a result, hydrologic models need to consider the differences in the travel path of these types of neighbors (Figure
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1). (2) Because of the diagonal travel path in the D8 scheme[17], an “island” may be created and cause numerical

issues in a coupled surface-subsurface hydrology model (Figure 1)[18, 19].

Island effect and its impact on surface-subsurface hydrologic model

Island

urface hydrology

bsurface hydrology

Figure 1: Illustration of the island effect and its impact on coupled surface-subsurface hydrologic models. The red cube/cell is an island
in the surface hydrology model and is connected through a diagonal path (red arrow). The blue arrows illustrate the differences between
direct and diagonal neighbors. The dashed cube underneath the red cube cannot be modeled in a Cartesian grid-based subsurface
hydrologic model because only the top face is connected with the red cube. The green cube is often not considered a “neighbor” of the

dashed cube in the subsurface hydrologic models[20, 21].

(3) the Cartesian grid cannot provide spherical coverage without significant spatial distortions, especially at
high latitude regions. (4) Earth system model components, e.g., atmospheric and oceanic models, commonly use so-
phisticated grid structures (cubed-sphere, icosahedron, unstructured mesh) to address the convergence of meridians
toward the poles. Because of that, Cartesian grid-based hydrologic models cannot be coupled to these components
seamlessly and often require a spatial interpolation for flux exchange. In contrast, spatial interpolation will be sig-
nificantly reduced or removed in a unified mesh framework. The use of fully unstructured model components (e.g.
the Model for Prediction Across Scales (MPAS)[22, 23] and the Finite-volumE Sea-ice/Ocean Model (FESOM)[24])
is an area of growing interest in coupled Earth system modeling.

Triangular irregular network (TIN)-based methods are also very popular due to the advantages of TIN mesh
discretization. TIN can capture terrain variation with fewer samples on the Digital Elevation Model (DEM) than
traditional mesh at higher resolution. TIN can also resolve the spherical coverage limitation. However, TIN based
methods are still subject to other limitations: (1) In a TIN mesh, each triangle still has two types of neighbors:
face neighbors and vertex neighbors (Section 6.1 Figure S1). Most TIN-based hydrologic models use face edge for
flux exchange and represent the stream network using TIN edges[25-28]. (2) TIN is commonly adopted in regional
hydrologic models without depression filling and stream burning. Although it can be extrapolated to a global
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scale, it will not perform well without these capabilities because of the scale differences between mesh resolution
and river networks[29]. (3) Although regional scale oceanic models use triangle mesh in the finite volume method
(FVM) or finite element method (FEM), global scale oceanic models also use hexagonal-like C-grids to address
issues including the horizontal divergence oscillations on unstructured triangular C-grids[30-32]. Therefore, the
different mesh systems must still be resolved.

Hexagonal mesh-based discretization can resolve the aforementioned limitations based on its geometrical prop-
erties: (1) it has only one type of neighbor, i.e, face neighbor. (2) Because of the uniform face connectivity, it
directly eliminates the island effect. (3) It can cover spheres with flexibility similar to TIN. With some relaxation,
a hexagonal mesh can be turned into a fully unstructured variable resolution mesh. (4) A hydrologic model based
on the hexagonal mesh can be seamlessly coupled with an oceanic model. As a result, it can be used to produce
high-quality flow directions, especially for coupled land, river, and ocean modeling[16]. Despite these advantages,
hexagonal mesh-based flow directions have not been widely adopted by current hydrologic models. One major rea-
son is the limited access to models that can delineate watersheds on hexagonal mesh while maintaining accurate flow
directions at various spatial resolutions. As the first step in this direction, we developed a hexagonal mesh-based
watershed delineation model (HexWatershed 1.0), which has shown great potential in improving stream network
representations[16]. However, challenges still remain in applying it to the current generation of hydrologic models,
such as accurately delineating watersheds and stream networks at relatively coarse spatial resolution.

The performance of watershed delineation tends to decrease for any type of mesh as spatial resolution decreases|16,
33, 34]. Fundamentally, poor representation of terrain elevation, DEM in coarse spatial resolutions, leads to poor
representation of the flow direction and incorrect stream networks due to the resolution mismatch. To date, there are
several approaches to mitigate this issue in the Geographic Information System (GIS) and hydrology communities.
These approaches can be used either individually or in conjunction with each other.

The first approach involves the use of advanced spatial resampling methods to improve DEM representation,
studied extensively in the GIS literature[35-37]. The second approach uses advanced data structures to improve
DEM quality. For example, TIN-based DEMs have been widely used because they can follow terrain with variable
spatial resolutions, providing a good balance between spatial resolution and performance[38]. The third approach
is “stream burning”’, a common practice in hydrology for adjusting surface elevation near stream channels so that
water always converges into observed stream channels[39, 40]. Finally, some studies have attempted to define coarse
spatial resolution flow direction using fine-scale hydrography datasets[41, 42].

In addition, flow direction determination issues can be exacerbated by processes in which “depression filling”
algorithms are used to remove local depressions within a DEM which would otherwise trap water. This approach
is exemplified by the Priority-Flood algorithm which is widely used in many hydrological applications[16, 43].

In practice, the foregoing approaches are often used together to best represent watershed and stream networks
in Cartesian grid systems[44, 45]. However, the quality of the final outputs depends on many factors including the
order in which the operations are conducted[46].

To date, less attention has been paid to hexagon mesh-based watershed delineation models and their corre-
sponding stream network representations, especially when used at coarse spatial resolutions.

In this study, we introduce HexWatershed 2.0, which incorporates the above-mentioned techniques to improve
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upon HexWatershed 1.0. We then compare the results from HexWatershed 1.0, 2.0, and a Cartesian grid-based
flow direction model, i.e., the Dominant River Tracing (DRT) model[41] in the Columbia River basin. Last, we

discuss the limitations of HexWatershed 2.0 and the next steps to continue improving model performance.

2. Methods

2.1. HexWatershed 1.0

The stream burning feature is not available in HexWatershed 1.0 and the nearest-neighbor resampling method
was used to assign the elevation of each hexagon from the high spatial resolution DEM (yellow dot in Figure 2).
In detail, the model obtains elevation in the following steps: (1) obtain the center location of each mesh cell; (2)
calculate the image coordinates (row and column index) from the DEM data based on the location; (3) read the
elevation value using the index. The nearest-neighbor resampling method is the easiest and most straightforward

method but may introduce large bias in areas with large elevation variations.

2.2. New features in HexWatershed 2.0

2.2.1. Zonal mean spatial resampling

In HexWatershed 2.0 we provided an additional resampling method, the zonal mean resampling method, to
improve elevation representation. The zonal mean elevation of a mesh cell is estimated with high-resolution DEM
(see an example in Figure 2). To guarantee there are enough high-resolution DEM values within each hexagon, the
ratio of resolutions between the target hexagon mesh and DEM should be larger than 3. The definition of hexagon

mesh resolution is provided in Section3.2.

DEM Resamplig

--------------

i (O Center Elevation
@ High resolution DEM
@ High resolution DEM (enclosed)

' @ Hexagon vertex

Figure 2: Illustration of DEM resampling using the nearest and zonal mean methods. Red dots represent the vertices of a hexagon cell;
blue dots are high spatial resolution DEM raster, and dots with green outlines are those enclosed within the hexagon. In the nearest
resampling method, the closest cell (yellow dot with green outline) to the hexagon center is used as hexagon elevation. In the zonal

mean method, the average elevation of all enclosed grid cells is used as the hexagon elevation.
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This process was implemented using the Geospatial Data Abstraction Library (GDAL) to identify all the high-
resolution DEM cells inside a given coarse-resolution cell[47]. The zonal mean resampling approach also provides
the capability to calculate the elevation profile and variations within each polygon mesh cell, important information

required by Earth system models (ESMs)[2].

2.2.2. Stream burning

We developed a stream burning algorithm based on several earlier studies[40, 48]. Stream burning, also often
referred to as “DEM reconditioning”, is a technique to manipulate flow direction by lowering the elevations within
and near the stream channels so that water always flows into prescribed channels.

A longstanding challenge in watershed delineation models is that depression filling and stream burning may
interfere with each other because both algorithms modify the surface elevations[45]. To address this in HexWa-
tershed 2.0, we developed a hybrid algorithm that combines depression filling and stream burning. Specifically,
stream burning was implemented within the priority flood algorithm seamlessly in a way that elevation will be
modified only once. Priority-flood is an efficient algorithm that fills DEM depressions by sequentially flooding the
domain from a boundary inward to adjust elevations to assure surface drainage[43]. To further simplify the process,
the stream burning algorithm only modifies surface elevations in the immediate riparian zone, which is a single
mesh cell buffer zone on both sides of the stream channels. The supplementary information provides more details
(Section 6.3).

After obtaining all the necessary information (DEM, hexagon mesh with stream tag, etc.), the modified stream-

burning-priority-flood algorithm operates via the following steps:

1. Define the initial priority-flood queue as the domain boundary.

2. Find the node with the lowest mesh cell elevation in the priority-flood queue.

3. Check whether this node is a stream mesh cell or not. If it is a stream mesh cell, find its upstream mesh
cells and modify stream elevation if the upstream elevation is lower or equal, then go to step 3a; if it is not a
stream mesh cell, process as a normal priority-flood node, then go to step 3b.

(a) Adjust node elevations in stream mesh cell buffer zones.
(b) Adjust node elevations if they are lower than the center node.
4. Mark a mesh cell as processed if its elevation is visited.
5. Push out processed nodes and push their neighbors into the priority-flood queue.

6. Go to step 2 unless the priority-flood queue is empty.

The priority-flood algorithm[16] and additional stream burning algorithm are explained and illustrated in our earlier

study as well as Figures 3 and 4.
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Figure 3: Illustration of the stream-burning-priority-flood algorithm on a 2D plane. Red cells represent the priority queue at the
boundary; the orange cell is the user-defined watershed outlet; blue cells are stream cells; and green cells are normal non-stream cells.
Indices with cells are cell IDs. When the stream outlet (orange #1) is identified, its upstream stream cells (blue #2 and #3) are
processed first. Then the rest of the normal cells (green #2 and #3, etc.) are processed. Breaching or filling operates depending on

the elevation differences between stream cells orange #1 and blue #2.



115

120

Original Reverse filling/breaching A hybrid stream burning depression filling algorithm

@ i(b)
Stream Land ;
—> Flow direction
Depression on land
Normal grid
N _l
V' H :
Ve | : ; Depression in stream
- « ‘ 1
Filling Hybrid A Hybrid B
I i(d)  Stream [ Land | i(e) Stream Tl Land
i ‘ i Breaching Filing | Filling

Breaching

Figure 4: Illustration of the stream-burning-priority-flood algorithm on a 2D transect along the stream. Blue, green, and yellow
rectangles represent elevations of stream and land mesh cells. Black arrows are flow directions. (a) is the raw elevation profile with 3
depression regions (2 in stream and 1 on land). (b) is the depression removal approach by lowering elevation from the peak elevation,
similar to the breaching approach. (c) is the priority-flood approach starting from the lowest elevation. (d) is a hybrid approach
with breaching in stream and filling on land. (e) is an improved hybrid approach that includes both breaching and filling in stream.
Only option d is implemented in HexWatershed 2.0. Option e will be available in HexWatershed 3.0 because explicit stream topology

(upstream-downstream relationship) is required (Section 5.5).

Unlike the original priority flood algorithm in HexWatershed 1.0, which only increases the elevation upstream
when needed, the modified stream-burning-priority-flood algorithm does both breaching and filling when modifying
stream and land elevations (Figures 4d and 5). This strategy was developed to minimize modification to the land
mesh cell surface elevations[40]. A user-provided threshold parameter is employed to control the breaching and
filling options. In traditional stream burning, the stream mesh cell elevation is decreased by a threshold value such
as 100 m, serving as a large drop to enforce flow direction. In HexWatershed 2.0, we only modify the outlet elevation
and use a threshold value like 10m to adjust stream mesh cell elevation from outlet to headwater recursively. In
order to generate a “smooth” gradient, we enforce the max drop between neighboring upstream and downstream
mesh cells. For example, if the elevation differences between upstream and downstream exceed 10 m, the upstream

elevation is lowered.
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Figure 5: The workflow of the hybrid stream-burning-priority-flood depression filling algorithm.

The stream-burning algorithm can be turned on or off through newly added model configurations (Section 6.2
Table S1). Addition capabilities were also added to support advanced data management and visualization (Section
6.4 and 6.5).

HexWatershed 2.0 also supports multiple flow directions. As a result, the total number of upslope and downslope
mesh cells is a constant of 6. The downslope flow direction with the steepest slope is defined as the dominant flow
direction by default.

Both stream segment indices and order (Strahler) were calculated using the method introduced in our earlier

study[16, 49]. The stream segment is defined as an individual stream channel connecting either headwater/outlet
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with its immediate confluence or between two confluences. Each segment is assigned a unique ID ascending from

headwater to outlet.

3. Application

3.1. Study area

To test the performance of HexWatershed 2.0, we applied the model to the Columbia River Basin (CRB). CRB
is the drainage basin of the Columbia River in the Pacific Northwest region of North America. The drainage area
of the CRB is approximately 6.7 x 10°km? based on the Watershed Boundary Dataset (WBD)[50]. Its surface
elevation ranges from —40m to more than 4000 m above North American Vertical Datum of 1988 (NAVD 88).
It contains both relatively high and low surface slopes in different areas (Figure 6). The largest tributary of the
Columbia River, the Snake River, flows from the southeast towards the west and joins the Columbia River at the

center of the basin.
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Figure 6: The location, surface elevation, and slope distribution of the Columbia River Basin. The upper left red polygon is the WBD
watershed boundary on Google Map[50]; the upper right is the histogram of surface slope (degree); and the bottom is the topographic
map (m). In the topographic map, the red lines are major rivers including the Columbia River (Drainage 6.7 x 10° km2) and Snake

River (Drainage 2.8 x 10° km?).

3.2. Data

We collected raster DEM from the United States National Elevation Dataset (NED) and Canada Natural
Resources (90 m resolution, 15000 x 16600)[51, 52]. We also obtained the stream networks and watershed boundary
from the United States National Hydrography Dataset (NHD) and Watershed Boundary Dataset (WBD)[49].

The hexagon mesh can be generated using the QGIS-MMQGIS tool[53] or a Python script in the following
steps: (1) retrieve the spatial reference (map projection) and extent of the DEM; (2) set the lower-left corner as
the origin; (3) calculate the number of rows and columns based on the desired resolution and spatial extent; (4)
calculate the vertex coordinates for each hexagon; (5) export the hexagons using the same spatial reference. To

maintain consistency between different meshes, we define the hexagon mesh resolution (R}, ) using the equivalent

10
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resolution, which is the root square of its area (Equation 1).

3x+3
2

Rheq = L? (1)

where L is hexagon mesh cell edge length (km).

Additionally, we “tagged” high order streams (Strahler stream order higher than 7) into the mesh using the
QGIS intersection tool.

Detailed instructions for input data preparation are provided in the supplementary information (Section 6.6).

All input information is specified within the model configuration file (Table S1).

3.8. Model setup

Updated model configurations, including parameters for the stream burning feature, are listed in Table S1. To
evaluate the sensitivity of HexWatershed 2.0 to spatial resolution and new features, we ran the model with different
configurations with case indices used for illustrations (Table 1). These resolutions were selected to match up with

a flow direction dataset introduced in Section 4[54].

Table 1: Simulation configurations with case indices. The illustrations and analyses all use the same layout and indices.

Resolution Nearest Zonal mean
Stream burning off Stream burning on | Stream burning off Stream burning on
5km 1 2 3 4
10 km 5 6 7 8
20 km 9 10 11 12
40km 13 14 15 16

3.4. Results and analysis

Similar to version 1.0, HexWatershed 2.0 calculates most watershed delineation variables (flow direction, flow
accumulation, river network, etc.). Although the new algorithms affect numerous results tied to these variables,
we only present flow direction and stream networks as they are often used in hydrologic models. Graphical results

with the same index layout are presented in Table 1.

11
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Figure 7: The spatial distributions of modeled flow direction in CRB from 16 cases in Table 1. The layout of figures and case indices is
the same. Panels a to p correspond to Cases 1 to 16. Flow accumulation/upstream drainage area is scaled as the line thickness. The

red line outlines the watershed boundary from the WBD dataset.
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Additional information is provided in the supplementary information (Section 6.7 and 6.8). To maintain con-
sistency, we only present final results that belong to the delineated watershed. For example, if the modeled flow
direction is not within the delineated watershed, it is excluded even though it lies within the WBD based watershed
boundary. Case 3 is such an example. NHD flowlines are used to evaluate and compare both flow direction and

stream networks, but they are only plotted in Figure 8 to provide better visualizations.

3.4.1. Flow direction

The spatial distributions of flow direction for all 16 cases are illustrated in Figure 7. The results show that:

1. In general, model performance on flow direction decreases as spatial resolution decreases. For example, at
high resolution (5km and 10km) (Case 1-4 and 5-8), the spatial coverage of modeled flow directions is close
to the watershed boundary level. In contrast, at coarse resolution (40km) (Case 13-16), the spatial coverage
of modeled flow directions is much smaller due to the missing portions (e.g, upper right in Case 13 and lower
right in Case 15). This is because the model is more likely to produce incorrect flow direction at some critical
locations at coarse resolution, which results in these missing portions. There is no guarantee that the model
will produce better flow direction even at finer spatial resolutions. For example, a portion in the upper right
was captured in Case 7 (10km), but not in Case 3 (5km).

2. When stream burning is disabled (Columns 1 and 3 in Figure 7): Zonal mean resampling may produce a
larger bias in spatial coverage than the nearest resample method (e.g., Case 15). Neither resampling method
can reproduce the flow direction along the stream networks.

3. When stream burning is enabled (Columns 2 and 4 in Figure 7): The stream burning algorithm leads to the
same flow direction near stream channels even though the corresponding elevations are different. Resampling
method-induced differences in flow direction are only visible in areas far away from the stream channels (e.g.,
Case 14 and 16).

4. Regardless of the resampling method, the stream burning algorithm significantly improves the flow direction
near the stream channels, especially at coarse resolutions (e.g., Columns 2 and 4 compared with Columns 1

and 3).

3.4.2. Stream networks
Similar to the flow direction, the spatial distributions of stream segments of all 16 cases are illustrated in Figure

8. The results show that:

1. Similar to flow direction, model performance on stream segments decreases as resolution decreases. For
example, at bkm resolution, modeled stream segments from Case 2 and 4 almost overlap with the NHD
flowlines. In contrast, at 40km resolution, modeled stream segments cannot preserve the spatial details.

2. When stream burning is disabled (Columns 1 and 3 in Figure 8), all cases failed to reproduce the NHD stream
networks in flat areas (e.g., Case 1 and 3).

3. When stream burning is enabled (Columns 2 and 4 in Figure 8), modeled stream segments are close to NHD

flowlines. The major differences are near river confluences, such as the Snake River-Columbia River confluence

13



(e.g., Case 14 and 16). The impacts of the resample method on stream segment are near low order streams

such as headwaters (e.g., Case 10 and 12).

4. Even with the same accumulation threshold, the total number of stream segments differ due to differences in

flow accumulation (e.g., Case 9-12).
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Figure 8: The spatial distributions of modeled stream segments inl%he CRB from 16 cases in Table 1. For better visualization, stream
segments are represented by colored hexagonal polygons. Panels a to p correspond to Cases 1 to 16. The black line features are NHD

flowlines. Colorbar indices represent the stream segment indices. The red line outlines the watershed boundary from the WBD dataset.
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Similar to our earlier study[16], we calculated the enclosed area of differences between the modeled stream
segments and NHD flowlines. We then used the data to evaluate the closeness of the modeled stream networks to
the actual river networks. In this method, we used area to represent line feature discrepancy and closeness. If two
or more line features intersect with each other, the intersected segments can be used to create enclosed polygons.
In general, the smaller the total polygon area is, the closer these line features are. An illustration of this method
is provided in Section 6.10 Figure S8. The comparison shows that at 40 km resolution, when stream burning is
enabled, the enclosed area of difference is much smaller (2.8 x 10*km?) than when stream burning is disabled

(7.1 x 10* km?) (Figure 9).
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Figure 9: Differences between modeled stream segment and NHD flowlines through the enclosed area of differences at 40 km resolution
with and without stream burning (Case 13 and 16 in Table 1). The red/blue polygons were generated by connecting the NHD flowlines

with the modeled stream networks.

3.4.3. Drainage area

We compared modeled drainage area at Columbia River and Snake River outlets (Figure 10). The analysis
shows that: As spatial resolution decreases, variations in modeled drainage area increase. When stream burning is
disabled, both nearest (blue) and zonal mean (purple) resampling methods produce a large bias in the drainage area
(30.0% increase or decrease). When stream burning is enabled (green and orange), the differences between modeled
drainage area and the WBD dataset are less than 8.0% (increase or decrease) and the impacts from resampling

methods are also less than 5.0%.
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Figure 10: Comparison of the total drainage area of the Columbia River and Snake River from different model configurations. The
X-axis is the spatial resolution and Y-axis is the ratio between modeled and observed (from Watershed Boundary Dataset (WBD))
drainage area. The dashed red line is the WBD drainage area. Colored (blue, green, purple, and orange) bars without texture represent
the drainage area from 16 different model configurations in Table 1. Colored (yellow) bars with texture represent drainage area modeled
by the Dominant River Tracing (DRT) model. Without stream burning, HexWatershed is more likely to produce an incorrect flow

direction at some critical point, resulting in underestimated drainage area (see purple bar).

4. Comparison with DRT

To evaluate the performance of HexWatershed 2.0, we compared the model outputs to another flow direction
model, the Dominant River Tracing (DRT) model[41]. DRT is a multi-scale flow direction model and has been
used to generate flow direction maps for large-scale river routing models including the MOdel for Scale Adaptive
River Transport (MOSART) and Variable Infiltration Capacity (VIC)[2, 41].

To address the stream networks representation issue raised at coarse resolutions, DRT uses both fine resolution
river networks and flow accumulation instead of coarse resolution DEM to define flow directions. Like most large-
scale flow direction models, DRT was developed based on the Cartesian latitude-longitude grids and defines flow
direction (north, northeast, east, southeast, south, southwest, west, and northwest) using the D8 flow direction
scheme[17, 41]. This introduces large biases in the high latitudes due to spatial distortion[55]. Currently, DRT has
been used to generate flow direction maps at several resolutions (e.g., 1/2, 1/4, 1/8, and 1/16 degrees).

We mainly focus on the comparison at coarse resolutions because both models generally perform well at fine
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resolutions (Section 6.9). Although both HexWatershed and DRT produce many products, we only focus on flow
direction and drainage area given their widespread use by spatially-distributed hydrologic models.

Because of mesh differences, we compared HexWatershed with DRT using an “equivalent” resolution approach
(Table 2). Specifically, because the actual resolution of latitude-longitude grids varies with latitude, the “equivalent”

resolution (Rgy+) is defined using the average latitude (Equation 3).

RLon

90 — Lat
x 360 (3)

Rdrt = REarth X Sin( 180

T) X 27 X

where Rgqrtp, is the average radius of Earth (km), Lat is the average latitude of CRB (degree), and Ry, is the
MOSART resolution (degree).
Strictly speaking, any geometry, especially at coarse resolutions, on Earth’s surface is distorted because Earth

is an imperfect sphere[56]. Therefore, the aforementioned area and resolution are only approximations.

Table 2: HexWatershed and its corresponding equivalent Dominant River Tracing (DRT) resolutions in the Columbia River Basin

(-115°W, 45°N).

HexWatershed DRT

5km 1/16 degree
10 km 1/8 degree
20 km 1/4 degree
40 km 1/2 degree

The comparisons show that the spatial patterns of flow direction from both models are similar when stream

burning is enabled (Figure 11 and 7).
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Figure 11: The spatial distributions of flow direction in the Columbia River Basin calculated by the HexWatershed 2.0 and Dominant
River Tracing (DRT) models at multiple spatial resolutions: (a) 20 km (HexWatershed), (b) 1/4 degree (DRT), (c) 40km (HexWa-

tershed), and (d) 1/2 degree (DRT). Flow accumulation/upstream drainage area is scaled as line thickness. The red line outlines the

Both HexWatershed and DRT produced similar drainage areas at the basin outlet and Snake River-Columbia
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5. Discussion

Simulation results show common patterns which were also observed in traditional watershed delineation pro-
cesses (Figures 7 and 8)[33, 57]. This occurs because the mesh only affects the connectivity of the underlying data.
The overall spatial patterns and the influences of algorithms on data are the same. Because of the differences in

meshes, there are also some unique features and challenges.

5.1. Spatial resampling

Spatial resampling is important because it is the first step in watershed delineation and can affect several
remaining steps. For flow direction, its impacts mainly manifest near the headwaters. It also affects the average
slope between mesh cells. Compared with the nearest resampling, zonal mean resampling produces smoother
average elevation and, consequently, milder slopes. However, there is no evidence that the zonal mean resampling
method produces better flow direction. Advanced spatial resampling methods such as zonal mean provide an

opportunity for more detailed geostatistical analysis (elevation variations, etc.).

5.2. Stream burning

The stream burning algorithm has a dominant impact on the delineated stream networks and overall model
performance (Figure 8 and 10). When this feature is enabled, it directly defines the flow direction near stream
channels and produces final stream segments that are most consistent with provided flowlines. The impact of
spatial resampling on flow direction is thus negligible near stream channels because of the extensive manipulation
by stream burning over the average elevation in the mesh.

However, the performance of stream burning is also subject to several factors, including the quality of user-
provided flowline datasets. In our study, we only used high-order stream channels to simplify the simulation process.
Low order streams can be included to further improve the model performance.

When stream burning is disabled, flow direction and stream networks are defined based on the DEM resampling
results. While the delineated stream networks in our study deviate from the NHD flowlines, especially in the
eastern Washington area, they actually represent the natural flow path formed by ice age glacial outburst floods

well (Figure 8)[58, 59].

5.8. Spatial resolution

The spatial resolutions of input datasets play an important role in flow direction modeling. First, the spatial
resolution of the raster DEM affects the performance of DEM resampling and the remaining steps. Ideally, the
spatial resolution should always be finer than the desired hexagonal mesh resolution.

In our earlier study[16], we used much finer resolution hexagon meshes (30m, 90m and 100m), causing the
model to perform reasonably well even without stream burning. However, this is not applicable to this study. In
all 16 simulation cases, the modeled flow direction contains large biases in many areas if stream burning is disabled
because the hexagon resolutions are much higher (more than 5km). This is consistent with other traditional

watershed delineation methods. This also highlights the importance of stream burning, especially at coarse spatial
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resolutions. Besides resolution, the quality of the DEM dataset is an important factor as it affects the resampling
operation. In our study, we mainly use the NED dataset. Other DEM datasets might be used[60].

Although user-provided vector flowlines do not have “resolution”, their level of detail can be viewed as resolution
and should be considered together with the hexagon mesh resolution. When the resolution of the hexagon mesh is
coarse, only high order streams are important because low order streams may be mapped onto the same hexagon
mesh cells along with the high order ones. When the resolution of the hexagon mesh is high, then datasets with

low order streams (e.g., high resolution NHD flowlines) should be used.

5.4. Hybrid breaching-filling algorithm

The newly developed hybrid breaching-filling algorithm performs reasonably well (Figure 7 and 8) because it
combines the strengths of both depression filling and stream burning. This enables the model to produce the correct
flow direction while minimizing its modification to surface elevations. However, the modifications to stream channel
elevations may be extensive, which can be problematic for river geometry (e.g., river bed slope) definition. In this
study, the threshold parameters used to choose filling or breaching and the adjustment to the stream elevation are
critical for the stream elevation calculation. More tests or other advanced methods are needed to improve or even

replace this parameter.

5.5. Limitations

There are a few limitations to the method/work presented in this study:

1. The zonal mean resampling method may not perform well when hexagon mesh resolution is close to the
source DEM resolution. Also, the zonal mean resampling method may not perform well if the hexagon mesh
is partially covered by DEM at the boundary. To address these issues, an area-weighted zonal mean method
should be used, especially at coarse resolutions[61].

2. The current stream burning method does not make use of stream order information. As a result, when a
stream mesh cell is also a stream confluence, the breaching-filling algorithm does not prioritize the stream
channel with higher order. This limitation can be addressed by adding the stream order information into the
mesh.

3. The current breaching-filling algorithm modifies stream mesh cell elevations extensively, which may cause
issues if stream channel geometry such as riverbed slope is desired. To address this, an improved approach
(e.g, automated parameter adjustment) should be used to minimize the modification to the stream mesh cell
elevations[40, 62]. To achieve this, stream topology information is required to allow the breaching algorithm
to operate on the desired downstream mesh cell near the confluences.

4. Currently, lakes, regardless of size, are considered “local depressions” because they often have lower elevations
than their surroundings. As a result, lakes are filled during depression filling, which results in incorrect flow
directions. This becomes an issue in areas where the lake plays an important role in hydrology. A “Fill-Spill-

Merge” approach should be used to consider lakes, especially endorheic lakes[42, 63, 64].
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6. Conclusions

Based on our analysis and comparisons, we conclude that the hexagon mesh-based flow direction method could
resolve several limitations in existing Cartesian grid-based methods. Through the addition of zonal mean resampling
and stream burning capabilities, the HexWatershed 2.0 model significantly improves watershed delineation model
performance compared to HexWatershed 1.0, especially at coarse resolutions. HexWatershed 2.0 improves the
flow direction both near and away from stream networks through stream burning and zonal mean resampling
techniques. Because of that, the model is robust even in flat areas at coarse resolutions. With these new capabilities,
HexWatershed can be applied to regional and large-scale hydrologic models as well as coupled Earth system models

for land-river-ocean simulations.
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