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Computing water flow through complex landscapes, Part 1:
Incorporating depressions in flow routing using FlowFill
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Abstract. Calculating flow routing across a landscape is a routine process in geomorphology, hydrology, planetary science,
and soil and water conservation. Flow-routing calculations often require a preprocessing step to remove depressions from a
DEM to create a ‘flow-routing surface’ that can host a continuous, integrated drainage network. However, real landscapes
contain natural depressions that trap water. These are an important part of the hydrologic system, and should be represented in
flow-routing surfaces. Historically, depressions (or ‘pits’) in DEMs have been viewed as data errors, but the rapid expansion of
high-resolution, high-precision DEM coverage increases the likelihood that depressions are real-world features. To address this
longstanding problem of emerging significance, we developed FlowFill, an algorithm that routes a prescribed amount of runoff
across the surface in order to flood depressions, but only if enough water is available. This mass-conserving approach typically
floods smaller depressions and those in wet areas, integrating drainage across them, while permitting internal drainage and
disruptions to hydrologic connectivity. We present results from two sample study areas to which we apply a range of uniform
initial runoff depths and report the resulting filled and unfilled depressions, the drainage network structure, and the required
compute time. For the reach- to watershed-scale examples that we ran, FlowFill compute times ranged from approximately 1

to 30 minutes, with compute times per cell of 0.0001 to 0.006 s.

1 Introduction

Flow routing based on Digital Elevation Models (DEMs) determines the paths taken by surface water (absent human interven-
tions) and its associated sediment and/or dissolved load. Flow routing algorithms are applied across a broad range of fields,
including hydrologic and geomorphic modeling, topographic analysis, planetary science, and palaeoclimate. They are a criti-
cal component of both hydrologic (Neal et al., 2011; Ng et al., 2018; Ray et al., 2016) and geomorphic (Adams et al., 2017;
Coulthard et al., 2013) models, with the former including watershed-scale processes and flood risk. In the latter case, flow
routing is often recomputed over time to simulate the feedback between evolving topography and drainage patterns (Hobley
et al., 2017; Tucker et al., 2011). Flow-routing calculations and drainage-network construction also form the basis for topo-
graphic analysis algorithms to automatically pick channel heads (Clubb et al., 2014; Passalacqua et al., 2010; Pelletier, 2013),
segment watersheds into representative hydrological units (Czuba and Foufoula-Georgiou, 2014; Ng et al., 2018; Teng et al.,

2017), and link river-channel form with rates of tectonic uplift (Duvall et al., 2004; Perron and Royden, 2013; Willgoose et al.,
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1991) or subsidence (Paola et al., 1992; Wickert and Schildgen, 2019). These same tools have been applied to understan
valley networks on Mars (Luo and Stepinski, 2009; Molloy and Stepinski, 2007), the impacts of freshwater forcing on climate
during the most recent deglaciation (lvanovic et al., 2017, 2018; Riddick et al., 2018), and links between palaeo-drainage net-
works and modern economic and agricultural resources (Craddock et al., 2010). Flow-routing algorithms are thus vital to our
understanding of landscapes, climates, and water resources.

Multiple methods exist to distribute ow across the landscape, and these range from simple approaches to nd the path
of steepest descent from one DEM pixel to another (O'Callaghan and Mark, 1984) to full shallow-water equation solvers
(McGuire et al., 2013). Simple topographically-driven ow routing approaches are the most popular because they are quick to
compute (e.g., Braun and Willett, 2013; Gallant and Wilson, 1996; Schwanghart and Scherler, 2014), agnostic to the amount of
rainfall or runoff applied, and applicable over length scales from puddles (e.g., Chu et al., 2013) and small catchments (e.g., Ng
etal., 2018; Teng et al., 2017) to continents (e.g., Coe, 2000; Riddick et al., 2018; Wickert, 2016). It is this type of ow-routing
algorithm that we consider for the remainder of this paper.

Because these simple algorithms route ow down the topographic gradient, local enclosed depressions in the landscape
present a problem. Flow cannot be routed across them, so they disconnect the hydrologic network. Prior to computing ow
routing, a DEM may be preprocessed to create a ow-routing surface in which depressions are managed in order to reliably
extract stream networks (Metz et al., 2011). This step often results in the removal of all depressions from the original DEM
(e.g., Jenson and Domingue, 1988; Martz and Garbrecht, 1998, 1999; O'Callaghan and Mark, 1984; Soille, 2004; Cordonnier
et al., 2018). Removing depressions produces a topographic surface over which a ow-routing calculation will produce a fully
connected hydrologic network.

The outright removal of all depressions, enforcing integrated drainage, means that we are biasing our landscape or hydrologic
analyses towards what we are more easily able to calculate: an integrated drainage network within a continuous downhill-
sloping topography. By building such a ow-routing surface, we selectively remove information about the complexity of the
real landscape. Real hydrologic networks include both transport of water across the land surface and temporary storage of
water in depressions.

We have developed a tool, FlowFill (Callaghan, 2019), that permits ow-routing calculations across landscapes that may
contain real depressions. To do so, FlowFill employs mass-conserving and hydrologically consistent depression lling, allow-
ing a user-selected depth of runoff to be spread across the landscape and ood only those depressions that would be lled by
an overland ow event of the chosen magnitude. This approach eschews the assumption of fully-integrated drainage and can
help to improve the t between the computed hydrologic network and eld conditions (Coe, 2000).

2 Background and Motivations

Most existing approaches to managing depressions in ow-routing calculations assume that these are data errors and should b
removed (Lindsay and Creed, 2005). In a historical context, this was a reasonable assumption: many DEMs were constructec

from sparse data, and small data errors may have been enough to produce depressions, especially in at areas (O'Callagha
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and Mark, 1984). By lling these depressions, researchers bypassed this technical challenge to begin analysing the structure
of drainage networks, and continue to make new discoveries based on this approach (e.g., Hooshyar et al., 2017; Seybolc
et al., 2017). However, all of these analyses rely an assumption of full drainage connectivity. This assumption may be broken
in regions of lakes and basins, such as formerly-glaciated terrains (Lai and Anders, 2018) and regions in which tectonic

deformation isolates individual internally drained basins between ranges (e.g. Ballato et al., 2017; Sobel et al., 2003). Such
depressions occur on a sub-continental scale as well, especially in arid regions, and our lack of an approach to self-consistently
include these in our ow-routing algorithms inhibits efforts to construct and analyse large-scale drainage patterns and their

changes over time (e.g., Wickert, 2016).

Several methods have been developed to remove depressions from a DEM during creation of a ow-routing surface, or to
otherwise connect drainage across the landscape. A popular choice is a ood- Il algorithm, in which the elevation of all cells
in depressions are raised to the level of their outlets (e.g., Jenson and Domingue, 1988; Martz and Jong, 1988). Martz and
Garbrecht (1998) presented an alternative approach to the ood Il, which they called “breaching'. The breaching approach
lowers select cells at depression outlets, reducing the amount by which depression cells need to be raised. Soille et al. (2003
extended this concept with their carving method. Rather than raising cells inside depressions, surrounding cells are lowered in
order to eliminate all depressions in the topography. Combined methods both raise and lower cell elevations to minimize the
topographic difference between the original DEM and the ow-routing surface (Lindsay and Creed, 2005; Schwanghart and
Scherler, 2017; Soille, 2004). Grimaldi et al. (2007) proposed a physically-based method based on steady-state topography
that adjusts the elevation of cells in a DEM to that of a continuous river long pro le. Metz et al. (2011) sidestep the need for
topographic adjustments by instead using a least-cost-path method to determine drainage paths; this allows water to ow uphill
to escape depressions and is employed in the GRASS GIS ‘r.watershed' algorithm (Neteler et al., 2012).

Each of the methods mentioned above ignores all depressions in the DEM, either by removing them or by allowing water
to ow across them, and discounts the signi cant hydrologic impact of real depressions. In addition to helping to control
drainage pathways (Govers et al., 2000), depressions set the volume of water that can pond on the land surface (Abedini et al.
2006; Hansen et al., 1999), thereby enhancing in ltration and both slowing and reducing surface runoff (Darboux and Huang,
2005). For example, in the prairie wetland region of North America, natural depressions hydrologically disconnect a landscape
unless a runoff event is large enough to Il and overtop them (Arnold, 2010; Shaw et al., 2012). Furthermore, the growing
availability of high-resolution and high-precision topographic data makes it increasingly dif cult to support the assumption
that these depressions are errors that should be removed (Arnold, 2010; Li et al., 2011; Lindsay and Creed, 2006). Even
coarse-resolution data on a global scale can resolve real internally-drained basins (e.g. Riddick et al., 2018; Wickert, 2016).
Thus, the degree to which the drainage is integrated and the ows are connected is not static, but rather varies as a function of
runoff. All of these arguments motivate an approach that allows depressions to be lled in a way that is hydrologically realistic.

The aim of FlowFill is to generate ow-routing surfaces with an amount of drainage integration (and hence, hydrologic
connectivity) that is appropriate for the amount of input runoff and the shape of the land surface. Here, we use “drainage
integration’ to refer to the degree to which streams are connected (via lakes) instead of terminating in depressions, and greate

drainage integration leads to a greater degree of surface-water hydrologic connectivity. Our goal in generating these surfaces
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is not a new one: Martz and Garbrecht (1998) noted the then-unrealized importance of incorporating depression storage into
derived drainage patterns. Appels et al. (2011) and Chu et al. (2013) investigated the role of microtopography in connecting
small surface depressions (puddles), and Shaw et al. (2013) required that ponds be lled by rainfall in their contributing areas
before they be allowed to spill over their boundaries and integrate into the remainder of the catchment. In our approach, we
developed a cell-by-cell runoff-routing algorithm that lls depressions while conserving runoff volume in real landscapes. This
open-source algorithm, FlowFill (Callaghan, 2019), can compute ow-routing surfaces across a wide range of landscapes, and

is applicable at a range of length scales (see Table 1).

3 Methods

We present an algorithm to create more realistic ow-routing surfaces by ooding depressions with mass-conserved surface
runoff. Depressions that are small or have large catchments become completely lled, allowing ow to cross them, whereas
larger depressions may be only partially lled and continue to be hydrologic sinks (Figure 1). FlowFill works by applying a
user-selected runoff depth across the landscape and moving water downslope. If a parcel of water encounters a depression,
much of that parcel that can be contained by the depression before it over ows into an adjoining pixel is left behind (Callaghan,
2019). This enables users to perform ow-routing across a landscape whose level of hydrologic connectivity changes through
time due to storms, seasonality, or changing climate. The process of creating this ow-routing surface is summarised in Figure
2.

Figure 1. Filled depressions allow runoff to pass over them while un lled depressions act as sinks to ow. The green blocks indicate the
topographic surface with variable elevation, and the blue indicates the nal water depth after running FlowFill. The lake on the left is not
completely lled, and its level therefore is lower than the height of cells on either side. Water would continue to ow into this depression
from all directions. On the right, water has completely lled a depression. Any ow entering this area from the left is able to ow out on the
right and continue downslope.

FlowFill produces a ow-routing surface through an unconditionally stable method that iteratively routes water from cell
to cell across the domain (Figure 3). The required inputs are a DEM, a user-selected starting runoff value, and a user-selecte
threshold for convergence. This threshold speci es the maximum amount of water that may be moved between cells between
two adjacent iterations for that iteration to count towards the eventual completion of the FlowFill calculation.

In Flow Il, water moves downslope, moving water from each cell in the domain once per iteration. The downstream direction
for water movement is de ned as the steepest downslope direction using a D8 approach (i.e. through comparison between the
elevation of a “target cell' and the elevation of the eight neighbours with which it shares either an edge or a corner). In cases



Figure 2. FlowFill owchart. "hmax ' is the maximum amount of water moved from a single cell to another during each iteratjoif lfe
majority of the runtime is spent moving water from each target cell to those below.

in which two or more directions tie for being the steepest downslope direction, the user selects whether a preferential or a
random direction is preferred. We provide this choice since selection of a preferential direction may systematically impact
the ultimate destination of the water, whereas a random direction will solve this problem to some extent but make the result
non-deterministic. When a preferential direction is selected, we arbitrarily route water preferentially Northwest, then West,
5 Southwest, South, and continue anti-clockwise with the least preferred direction being North. These cases should be rare since



Figure 3. Water ow during a single iteration of FlowFill. In each iteration, water is moved starting with the highest (water + topography)

cell and ending with the lowest. Each “target cell' routes water into its steepest downslope neighbour. The amount of water moved from the
higher cell to the lower one is the minimum of either all the water available in the target cell or half the difference in elevation between the
target cell and its steepest downslope neighbour. This latter criterion ensures numerical stability, but slows convergence towards a solution.
(a) Starting at the highest (topography + water depth) cell, half of the difference in topographic + water thickness height is moved from cell

1 to cell 2, this being the steepest downslope directibpCell 2 becomes the target cell. Half of the difference between cells 2 and 3 is
moved to cell 3(c) Cell 3 becomes the target cell. There is less water available in cell 3 than half the difference between cells 3 and 4, so all
of the water from cell 3 is moved to cell &) Cell 4 becomes the target cell; if this were the edge of the domain, the water in cell 4 would

ow out of the domain. A single iteration has been completed. Water will now start moving from cell 1 again, and the process will repeat

until the solution converges.
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elevations between the cells would have to be identical to several decimals. This process of moving water down the slope of the
(topography + water) surface is repeated until a prede ned criterion is met to indicate that the solution has converged: either
a maximum number of iterations have been performed, or the maximum amount of water moved per itgfatiphas not

changed by more than the user-de ned threshold for 20,000 iteraiip(igure 4). This threshold de nes the maximum value

of ] hmax j that will not reset the “exit_counter' that terminates the FlowFill calculation (Figure 2), where:

J Pmaxj = jhmax (i) hmax (i 1)j @

Once the iterative downslope movement of water has been completed, FlowFill ensures that lake surfaces are at. Due to the
iterative algorithm in FlowFill, small spurious depressions can remain following convergence. To correct for these, we search
for any pits (cells with no downslope neighbours) in the preliminary result. If a pit has one or more neighbours that contain
water, it should ultimately have received water from that neighbour had FlowFill been allowed to run for longer (which is
computationally expensive), so we raise its water level to the level of the water-containing neighbour. Strictly speaking, this
correction means that water mass has not been conserved. However, the change affected by this correction is small relative ti
the total water volume. The adjustment of the lake-level surface is thresholded to a maximum value at 1/10000 of the supplied
runoff. The total volume of this adjustment ranged from 0 to 0.009% of the total water stored on the landscape at our study
sites.

Following this lake correction, FlowFill outputs three les. The rst of two binary (32-bit oating point) les contains the
ow-routing surface: topography with depressions lled or partially lled in accordance with the provided input runoff depth.
The second contains only the depth of water that is lying on the landscape. The third le contains runtime messages in ASCII
text format.

We implement FlowFill in MPI-enabled Fortran 90. This speeds calculations by splitting the domain into multiple horizontal
bands with fringes that interact via the D8 ow-routing algorithm. Source code and compilation instructions are available at
https://github.com/KCallaghan/FlowFill (Callaghan, 2019). Use is simpli ed through a provided text le for users to enter
parameters, and a run le. As an additional option, users can run FlowFill through a GRASS GIS extension, r. ow Il (Wickert,
2019).

The gradual cell-to-cell water redistribution within FlowFill, along with its asymptotic approach towards equilibrium due
to its moving at most half of the head difference per iteration, can cause depressions to become “over lled' when the water-
moving algorithm (Figures 3 and 2) terminates. This could happen when water has not been able to fully equilibrate over a
depression, for example, when there is only a small path for water to escape a large area. These cases are not corrected insi
FlowFill, but can be corrected in an additional step through comparison with the outputs of a ood- Il algorithm applied to
the same initial DEM. Flood- Il algorithms Il all depressions fully to the level of their outlets, so we correct for over lling
by (1) performing a ood Il using RichDEM's complete-depression- lling command (Barnes et al., 2014a, b; Barnes, 2016),
and then (2) taking the minimum of the ood Il and the FlowFill outputs to produce the nal result. This correction violates
conservation of water volume, but the size of the adjustment is very small relative to the total volume of water stored on the

landscape (See Section 4).
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Flooded depressions have at surfaces which can be problematic for ow routing, so at areas were corrected using Rich-
DEM to impose a gradient on these (Barnes et al., 2014a; Barnes, 2016). The result is a completed ow-routing surface that
retains depressions based on conservation of water volume. In order to test FlowFill, we ran it with variable initial runoff depths
on two landscapes. We then routed surface-water ow over the computed ow-routing surfaces and evaluated the degree of

drainage integration at these locations.

4 Implementation
4.1 Example Data

We generated ow-routing surfaces using FlowFill from DEMs of two study regions. The rst study region includes a reach
of the Sangamon River in lllinois, USA, located at 39.8788.72 W. The low-relief plains left behind in this post-glacial
landscape contain closed depressions that may impact hydrologic connectivity as a function of runoff (Lai and Anders, 2018).
We resampled the 2.5 ft (0.76 m) resolution LIDAR DEM to 15 m resolution for our analysis. At several locations, bridges and
other man-made structures cross the river channel at this study site. These are clearly visible on the lidar and arti cially elevate
the topography, creating blockages to water ow. These were manually removed using GRASS GIS before running FlowFill
by digitising the problematic bridges, converting these to null cells, and then performing a bilinear interpolation to populate
these cells with more realistic values. The second study region was the Rio Toro basin, located mainly in Salta Province,
Argentina, around 24.%5, 65.8W. Its steep topography was shaped primarily by uvial processes, but has also been impacted
by mountain glaciation, landslide dams, and tectonically-driven isolation of much of the basin from the foreland (though it has
since re-incised) (Sobel et al., 2003; Tofelde et al., 2017; Trauth and Strecker, 1999). The DEM of this region was resampled
to 120 m resolution from 12-m TanDEM-X data. The two landscapes differ in their topographic setting in terms of tectonics,

glaciation, drainage integration, average slope, and spatial scale.

Table 1. Characteristics of the two study sites.

Sangamon Rio Toro

Number of cells 298200 638154
Cell side length 15m 120 m
High point 224413 m 5970.257 m
Low point 186.775m  1258.525m
Average slope 0.0239 0.301994
Number of cells that are part of a depression 20790 3128
Depression volume per unit area 0.01437m  0.05495m

In these examples, we prescribed uniform runoff across each DEM in order to easily compare depression lling and hydro-
logic connectivity (i.e. drainage integration). We tested runoff inputs of 1 mm to 15 m in the Rio Toro basin and 1 mm to 20



Figure 4. The maximum amount of water moving from one cell to another in a single iterdtigr () is useful in deciding when to threshold
FlowFill's result. Most water moves near the beginning of a model run. Rajehows howhmax changes for 5 different model runs (light

grey to black, with depths of 1-200 mm given in the legend) at the Sangamon River site. Each run continues for 1,000,000 ifesations (

each shows a distinct plateau at whith.x ceases to consistently decrease. Prior to this plateau, we see some uctuations in the amount of
water moving per iteration as some water makes it to river channels and some depressions become lled, changing the evolving ow-routing
surface. False plateaus represent periods of time in which the maximum amount of water moving per iteration does not signi cantly change.
In order to avoid exiting the program early during one of these false plateaus, we conservatively wait for a plateau that lasts 20,000 iterations
before thresholding our result. Paifle) shows] hmax j (Equation 1), the absolute value of the changBiirc between the current and the
previous iteration. Based on these data, we were able to select the threshold for thi§ shesas) = 0.01 mm. Oncé hmax j < 0.01 for

20000 iterations, the model run saves the result and is complete.

cm in the Sangamon River basin (Table 2). For comparison, a typical storm event in the Rio Toro basinldcopsf rain

(Castino et al., 2017, supplement), which equals the minimum runoff value discussed here. This minimum amount of runoff

was not capable of lling many of the depressions in the landscape, and therefore our calculations indicate that some signi cant
segmentation of the Rio Toro catchment remains regardless of the size of the rainfall event. The median daily rainfall on a day



with rain near the Sangamon River is 3.3 mm, and the maximum recorded single-day rainfall is 99 cm (USGS 05590050: data
from 01 October 2005 to 19 February 2019). This large range suggests that hydrologic connectivity in the Sangamon River
basin depends on storm intensity.

Table 2. Runtimes for mass-conserving depression lling using FlowFill. Runtimes increase with the depth of applied runoff and on atter
landscapes (Table 1).

Runoff depth [m]  Sangamon [min]  Rio Toro [min]

15 - 8.55
10 - 7.15
- 5.23
- 3.8
1 - 2.88
0.5 - 2.55
0.2 32.42 2.15
0.1 28.57 1.4
0.08 29.75 -
0.05 26.62 -
0.03 24.37 -
0.02 20.07 -
0.01 14.4 1.75
0.005 2.15 -
0.001 0.97 1.63

4.2 Results

5 We used FlowFill to Il depressions both at the Sangamon River reach (Figures 5 and 6) and in the Rio Toro basin (Figures 7
and 8). We applied varying amounts of runoff to demonstrate differing levels of depression lling (Figure 9) and hydrologic
connectivity (Figure 10). Both study sites contain persistent depressions that are unlikely to be permanently lled and connected
via surface water, as well as smaller depressions that may be lled during modest rainfall-runoff events.

We varied the input runoff depth at the two sites, with a maximum value selected based on how much runoff was required to
10 Il all depressions in each DEM, giving a result comparable to existing ood- Il algorithms. This maximum runoff depth was
0.2 m for the Sangamon River site (Figure 5), signi cantly lower than the 15 m runoff required for the Rio Toro site (Figure
7). However, at the Rio Toro site, most depressions were lled by signi cantly shallower runoff (0.1 m or less), and only a few
large depressions persisted as we dramatically increased the initial runoff depth.
At both sites, deeper runoff Ills more depressions, thus increasing hydrologic connectivity across the landscape (Figure 9).
15 We de ne both drainage integration and hydrologic connectivity based on Strahler stream order (Figure 10 and Table 4), which
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Figure 5. Depressions remaining with different amounts of starting runoff at the Sangamon River site. Deeper runoff lls more depressions.
Un lled depressions are shown for varying initial runoff deptfey 0.2 m,(b) 0.1 m,(c) 0.05 m,(d) 0.01 m,(e) 0.001 m,(f) O m (i.e. the

input DEM with no changes made). DEM elevations are represented by a dark (low) to light (high) greyscale, while blue and green colours
indicate the depths of depressions still present in the ow-routing surface. In the case of 0.001 m runoff, many depressions still remain, while

with 0.1 m of starting runoff all but the largest depressions are lled. Depressions were fully lled with a starting runoff depth of 0.2 m.

we calculated using the ‘r.stream.order' extension to GRASS GIS (Jasiewicz and Metz, 2011). The effect of variable runoff on
drainage integration is more prominent in the Sangamon River landscape, due to its larger proportion of depressions that can
if un lled, signi cantly break up the drainage network. The deep runoff required to completely Il all depressions (Figure 9)

or produce higher-order drainage networks (Figure 10) implies that either heavy rainfall or a long period of rainfall — which
may or may not be plausible, depending on the climate and the hydraulic conductivity of the substrate — is necessary for the
landscape to become fully hydrologically connected. Both landscapes contain a few larger depressions that persist once mos
other depressions have been lled, though based on their locations, they have somewhat less importance in setting overall
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Figure 6. Drainage networks on partially- lled landscapes at the Sangamon River site. Flow networks were created using the FlowAccumu-
lation method included in RichDEM (Barnes et al., 20144a; Barnes, 2016) with the result masked to show only cells with a ow accumulation
greater than 100. Hydrologic connectivity changes depending on how many depressions remain in the landscape. The un lled depressions
associated with each panel are shown in Figure 5. The colours indicate the amount of ow accumulation in stream channels. Higher runoff
depths applied to FlowFill Il more depressions and result in higher degrees of hydrologic connectivity. Ing@améth 0.2 m of runoff,

all depressions were lled: drainage is fully integrated, and the result is identical to that for a ow-routing surface created using standard
ood- Il techniques (e.g., Barnes et al., 2014a; Barnes, 2016). In pafmige) decreasing amounts of starting runoff result in increasing

segmentation of the stream network. Pafleshows the original DEM, which hosts only a few disconnected stream segments.

hydrologic connectivity, which saturates at runoff values below the maximum required to ood all depressions (Figure 10 and

Table 4).
The processing time for FlowFill varies depending on the selected starting runoff depth, the number of cells in the domain,

and the topographic structure of the site. Runtimes for our test cases varied from 0.97 minutes to 32.42 minutes (Table 2). We
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