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Abstract Existing global river networks underpin a wide range of hydrological applications but do not
represent channels with divergent river flows (bifurcations, multi-threaded channels, canals), as these features
defy the convergent flow assumption that elevation-derived networks (e.g., HydroSHEDS, MERIT Hydro) are
based on. Yet, bifurcations are important features of the global river drainage system, especially on large
floodplains and river deltas, and are also often found in densely populated regions. Here we developed the first
raster and vector-based Global Rlver Topology that not only represents the tributaries of the global drainage
network but also the distributaries, including multi-threaded rivers, canals and deltas. We achieve this by
merging a 30 m Landsat-based river mask with elevation-generated streams to ensure a homogeneous drainage
density outside of the river mask for rivers narrower than approximately 30 m. Crucially, we employ the new
30 m digital terrain model, FABDEM, based on TanDEM-X, which shows greater accuracy over the
traditionally used SRTM derivatives. After vectorization and pruning, directionality is assigned by a series of
elevation, flow angle and continuity approaches. The new global network and its attributes are validated using
gauging stations, comparison with existing networks, and randomized manual checks. The new network
represents 19.6 million km of streams and rivers with drainage areas greater than 50 km?* and includes 67,495
bifurcations. With the advent of hyper-resolution modeling and artificial intelligence, GRIT is expected to
greatly improve the accuracy of many river-based applications such as flood forecasting, water availability and
quality simulations, or riverine habitat mapping.

Plain Language Summary Global river maps often overlook complex features, such as when a
single river channel splits into multiple channels. These branching river systems are important because they are
often found in densely populated, often flood-prone regions, and they are crucial for understanding water
movement across the Earth's surface. To address this limitation of existing river maps, we developed a new
global river network called Global RIver Topology (GRIT), which includes these branching rivers and channels.
GRIT was created by combining high-resolution satellite imagery of rivers with advanced elevation data of the
earth's surface. GRIT not only includes the main river channels but also provides information on river flow
directions, widths, and points where rivers split. The GRIT river network has a total length of 19.6 million km
and includes 67,495 bifurcations. GRIT stands to significantly enhance applications in hydrology, ecology,
geomorphology, and flood management.

1. Introduction

River networks underpin many large-scale analyses in the environmental sciences and geosciences, such as global
and regional flood inundation modeling (Alfieri et al., 2014; Hirabayashi et al., 2013; Yamazaki et al., 2011), as
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well as hydrological (Gebrechorkos et al., 2024; Gosling et al., 2017; Lin et al., 2019; Yang et al., 2021),
biogeochemical (Liu et al., 2022; Raymond et al., 2013), ecological (Fatichi et al., 2016) and sediment (Cohen
et al., 2013) modeling. The accuracy of the data sets underpinning these analyses is essential to support large-scale
investigations of global environmental problems. For example, at a global scale, fluvial floods remain fatal and
costly (Doocy et al., 2013) and damaging floods are likely to increase in many regions of the world with climate
change (Dottori et al., 2018).

1.1. Limitations of Existing Global Hydrographies

Existing global river hydrographies presuppose downstream runoff convergence, relying on surface elevation
data to depict only tributary drainage systems (Lehner et al., 2008; USGS, 2001; Yamazaki et al., 2019).
However, this assumption of downstream runoff convergence fails in many river basins, particularly in regions
attracting human habitation, such as lowland floodplains and deltas. Many river basins in fact contain multi-
threaded, anabranching and distributary river systems of both natural and anthropogenic origin, although the
total extent of divided channels remains unquantified at the global scale. HYDRO1k provided the first global
hydrographic data set at 1 km resolution (USGS, 2001). Later, Lehner et al. (2008) created an extensively quality-
checked hydrographic data set from 3 arc-second (~90 m) Shuttle Radar Topography Mission (SRTM) elevation
data. More recently, the SRTM-based Multi-Error-Removed Improved-Terrain hydrography (MERIT-Hydro)
has become widely used, as it assimilates a collection of global ancillary data sets to improve the accuracy of
drainage paths and terrain elevations (Yamazaki et al., 2017, 2019). The latter was also used to derive river
networks with smaller and variable drainage densities and/or extended attributes (Amatulli et al., 2022; Lin
et al., 2021; Yan et al., 2019). To date, the only global river network that does not rely on elevation data is the
vector product of the Global River Widths from Landsat (GRWL) data, which includes rivers wider than 30 m as
well as large bifurcations and canals (Allen & Pavelsky, 2018a, 2018b). The GRWL product was recently
enhanced to form the SWORD network for use with the Surface Water and Ocean Topography (SWOT) satellite
mission, which included gap filling and the association of drainage area from MERIT-Hydro (Altenau et al.,
2021a, 2021b). However, SWORD is not a multi-threaded network, does not include rivers smaller than 30 m
width, misses many river branches and still relies on the tributary-only hydrography of MERIT-Hydro.

A further weakness of the aforementioned hydrographies is that they are based on outdated (Bielski et al., 2024)
Digital Elevation Models (DEMs), that is, mainly the Shuttle Radar Topography Mission (SRTM) DEM acquired
in 2000 with a reported mean absolute vertical accuracy of ~6 m (Rodriguez et al., 2006). A newer, more accurate,
DEM called Copernicus DEM has since been made publicly available by the European Space Agency (ESA),
presenting an opportunity to create an improved hydrographic data set. The TanDEM-X based Copernicus-DEM
is globally available at 1 arc-second (~30 m) resolution and has recently been corrected to remove forests and
buildings and released as FABDEM (Hawker et al., 2022) with mean absolute vertical errors in built-up areas of
1.12 m, and in forests of 2.88 m. FABDEM's 30 m spatial resolution is finer than that of the Shuttle Radar
Topography Mission (SRTM) derived DEMs (3 arc s ~90 m) used in other global hydrographies (e.g., Hydro-
SHEDS and MERIT-Hydro). Moreover, numerous recent studies have also found FABDEM to be the most
accurate global terrain data set at the time of writing (Bielski et al., 2024; Marsh et al., 2023; Meadows
et al., 2024).

1.2. Existing Branching River Networks at Local to National Scales

Branching river networks exist on local to national scales, such as fully directed distributary networks (Dong
et al., 2020; Schwenk et al., 2020) or national scale networks that include multiple river branches and artificial
channels (Moore et al., 2019; Ordnance Survey, 2022). At the national scale, the National Hydrography Dataset
Plus (NHDPIlus) data of the United States is a prominent example of a highly detailed, directed and attribute-
enriched national river network that includes a list of ancillary hydrographic data sets (David et al., 2011;
Moore et al., 2019). NHDPIlus was built from national infrastructure vector data sets, is subject to continuous,
manual quality assurance and includes many complex flow paths, artificial conduits and canals. At the reach or
delta scale, studies on multi-threaded river systems (Coffey & Shaw, 2017; Jerolmack & Swenson, 2007;
Schwenk et al., 2020) have also progressed independently from elevation-based hydrographic data sets. Examples
include topological investigations, mainly concerned with directionality (Chen et al., 2022; Schwenk et al., 2020),
and morphological studies, mainly concerned with delta evolution and flow partitioning (Dong et al., 2020;
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Jerolmack & Swenson, 2007) or the delta data set DIDNT (Hariharan et al., 2022). However, none of these local
and national networks have been integrated into continental scale hydrographic data sets.

1.3. GRIT: The First Global High-Resolution, Branching River Network

Combining methods and results from both local- to regional-scale distributary network research and global DEM-
generated hydrographic data sets, this work seeks to produce the first global hydrography that includes tributary
and distributary rivers, contrary to existing global data sets (Amatulli et al., 2022; Bierkens et al., 2015; Carlson
et al., 2024; Lehner & Grill, 2013; Wood et al., 2011; Yamazaki et al., 2017). The 30 m river mask of GRWL and
the ~30 m FABDEM serve as the primary input data sets to produce the first globally consistent hydrography at
~30 m raster resolution and a vector river network, based on a combination of river mask vectorization and
traditional stream-burning approaches. A global collection of river gauging stations, reference river networks and
randomized manual inspections of high-resolution satellite imagery are used to validate the data set.

The resulting GRIT river network is a topographically accurate, bifurcating river network which supports a
variety of novel use cases. GRIT is well-suited for data-driven or machine learning applications such as large-
sample streamflow modeling and forecasting. Catchment-scale climatic and geophysical attributes from obser-
vational, reanalysis, and environmental data sets can be extracted for every ~1 km reach of the GRIT network.
Machine learning models trained on observational streamflow records, such as the GRDC, can then be used to
issue streamflow predictions at the global scale, including in ungauged regions (e.g., Liu et al., 2024). A second
application of the GRIT network is more accurate global hydrodynamic modeling in regions with bifurcating river
systems and deltas. Lastly, a third application of GRIT is enhanced mapping of ecological habitats in bifurcating
river systems.

Here, we describe the methods used to develop the GRIT river network and introduce the data products (Sec-
tion 2), evaluate GRIT (Section 3), and discuss the implications and limitations of the work (Section 4), before
concluding (Section 5).

2. Materials and Methods

We combine state-of-the-art methods from distributary network analysis and global tributary hydrographies to
produce the GRIT network (Figure 1). Detailed descriptions of the input data sets and methods used are found
below.

2.1. River Mask Creation

We employ the Global River Width from Landsat (GRWL) data set (Allen & Pavelsky, 2018a) as our water extent
data set. Despite recent advances in the ability of global DEMs to represent global terrain, there are still inac-
curacies in elevation that can have significant impacts on hydrologic applications (Bielski et al., 2024). To
overcome these inaccuracies, watermasks have been used to help delineate where water courses are actually geo-
located (Yamazaki et al., 2019), that is, editing the DEMs to force the correct representation of flow. Watermasks
can be used to lower DEM elevations, ensure correct flow directions, and delineate waterways smaller than the
DEM pixel size. However, existing global surface water extent data sets are inconsistent, with different data
origins, data formats and definitions of surface water (Rajib et al., 2024). To minimize any negative impacts on
hydrography delineation from migrating channels or other changing waterbodies, MERIT-Hydro used the
G1WBM permanent water layer at 1-arc-sec spatial resolution which was considered the best water extent data set
corresponding to the temporal period of the underlying DEM, MERIT DEM (Yamazaki et al., 2019).

Here, we use GRWL, as it aligns with the 2011—-2015 acquisition period of Copernicus DEM (and thus FAB-
DEM), and the ~30 m spatial resolution of FABDEM. Crucially, GRWL attempts to represent the extent of rivers
globally at mean discharge by using Landsat imagery when those conditions are expected in each region.
Furthermore, GRWL defines rivers in four classes: inland rivers, lakes, canals and coastal/tidal. To ensure a gap-
less watermask, additional water surface products were blended with GRWL. The Global Surface Water Explorer
(GSWE) (Pekel et al., 2016) occurrence raster data set was used to fill gaps between GRWL and the land-sea mask
at river outlets. Finally, we filled any river islands smaller than a threshold of 1 km? and lake islands less than
50 km? to homogenize and generalize connectivity. This means bifurcations are only created to circumvent
landmasses larger than these thresholds.
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Figure 1. GRIT development workflow. The workflow of the river network
creation includes inputs (blue boxes), processes (bold text), steps (graph/
green boxes) and outputs (white boxes). Data set acronyms include Global
River Widths from Landsat (GRWL), Global Surface Water Explorer
(GSWE), OpenStreetMap (OSM), Forest And Buildings removed
Copernicus DEM (FABDEM), Global Lakes and Wetlands Database
(GLWD).

We created a GRWL river centerline vector by skeletonizing the GRWL-
based river mask (described in Section 2.1), reducing it to only the center-
line pixels, and then vectorizing it. We employed basic topological cleaning
to remove dangles (line segments that are only connected to the network at
one end/node) and snapped line ends that were up to 120 m apart to enhance
topological connectivity. Only these skeletonized centerlines were merged
with the DEM-generated vector described in Section 2.5. Since the GRWL-
based watermask can only delineate rivers above ~30 m resolution, owing
to the resolution of the underlying Landsat data, we used water layers from
OpenStreetMap (OSM) to produce an OSM river vector (alongside the
GRWL river centerline vector) for streams below 30 m (Haklay &
Weber, 2008). Despite completeness issues in OSM data, which are more
prevalent in certain geographies, it remains an invaluable resource in delin-
eating streams below 30 m resolution and has been used in other global hy-
drography data sets such as MERIT-Hydro (Yamazaki et al., 2019).

2.3. Sink Identification

Sinks are areas where the elevation is lower than the surrounding terrain, and
thus have an undefined lateral flow direction with no outlet. In DEMs, sinks
can be topographic depressions or flat areas (Lindsay, 2016) where flow
would get incorrectly trapped when applying flow direction and accumulation
algorithms. A key challenge in sink removal is to avoid the removal of real
sinks that are not a product of inaccuracies in the DEM. We thus retained all
sinks with a volume larger than a 20 km?® threshold (as a reference, this
roughly corresponds to the volume of Lake Geneva), as a sink of this size
would significantly influence the water balance of a river catchment. We
selected this sink size to identify large, known sinks, while neglecting smaller,
more uncertain ones that might not have a large-scale impact on the overall
flow network. We acknowledge that this is larger than those used in MERIT-
Hydro or HydroSHEDS, leading to greater connectivity in highly arid regions
(see comparison in Figure S2 in Supporting Information S1).

To identify sinks, we used the GRASS add-on r.hydrodem function (Lindsay &
Creed, 2005). The function first slightly denoises the input DEM by removing
single cell peaks and pits, followed by filling sinks. The sink volume was
calculated by finding the difference between the input DEM and sink filled
DEM, clumping adjoining pixels, then summing up the volumes in each clump.
Clumps exceeding the volume were reduced to their lowest 5% cells to define
DEM-derived sinks. This was merged with endorheic lakes from the Global
Lakes and Wetlands Database (GLWD; Lehner & Doll, 2004) and passed as
sinks to the r.watershed module. Since the module finds the lowest outlet of
leftover sinks in the DEM by default, the original values from FABDEM were
used in Section 2.5. This preserves the flow paths from the DEM.

2.4. Hydrologically Conditioned DEM

A hydrologically conditioned (stream burned) DEM is required to represent
correct flow paths over the landscape. After sink removal, some errors may

remain in the DEM. Therefore, we further enhanced the hydrologically corrected DEM by using the GRWL and
OSM derived river centerlines to lower DEM elevations by “burning” in the streams (i.e., “stream-burning”).

Stream-burning is a commonly used approach to lower DEM elevations where rivers are located, thus ensuring

flow over a landscape finds a river. Our approach is similar to the approach taken in MERIT-Hydro by choosing

thresholds based on importance of the features. The lowering factor (LF) was defined as 10 m, roughly
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corresponding to the higher end of the DEM uncertainty. We lower the GRWL-derived river centerlines by 5 LF
and the distance to the banks within the GRWL river mask in cells by 2 LF. These values were selected by an
iterative trial and error approach to ensure overlapping of the DEM-derived and skeletonized centerlines. By
conditioning the elevation reduction by distance to the riverbank, we ensure a gentle gradient to the centerline,
preventing parallel lines and artifacts on large, flat-water surfaces. Around centerline end nodes a 90 m buffer is
applied with a LF of 3, which increases the likelihood that DEM-generated streams join up with ends of the
GRWL centerline. OSM-derived centerlines were lowered by 2 LF for features with the OSM tag
“waterway = river” or “waterway = canal” and 1 LF for any other feature that had the “waterway” tag defined.
River width could not be used as an attribute to lower elevations for OSM data as width information was not
available for most OSM rivers, nor could it be calculated with the absence of homogeneous OSM river polygons.

2.5. Accumulation and Drainage

Next, we generated flow direction maps, accumulation arrays and drainage areas based on the “traditional”
hydrography generating algorithms used for previous, non-bifurcating hydrographies. We used the r.watershed
module (Metz et al., 2011) in GRASS GIS due to its computational efficiency and performance using radar-based
DEMs (Amatulli et al., 2022). In r.watershed, we used our hydrologically corrected DEM (see Section 2.4) and
depression layer (see Section 2.3) as inputs. Flow directions were calculated using a single direction (D8) al-
gorithm (O'Callaghan & Mark, 1984).

A single-threaded river network was delineated by extracting cells based on a drainage accumulation threshold of
50 km>. This threshold was chosen to retain a suitable amount of complexity in the resultant river network,
without creating an unwieldy data set that would be computationally challenging to process in the latter stages.
Our threshold is higher than other hydrographies such as HydroRIVERS (Linke et al., 2019), which used a flow
accumulation of 10 km?, and Hydrography90 m (Amatulli et al., 2022), which used a flow accumulation of
0.05 km?. As a result, the vector product may fail to depict some headwater areas which some geomorphology and
ecohydrology applications may require. However, smaller headwaters can be inferred from the accumulation
raster if needed. Finally, this rasterized delineation of a river network was vectorized to create a convergent
network similar to the previous hydrographies.

2.6. Undirected Network

The single-threaded vector was merged with the GRWL centerlines vector described in Section 2.2. Because they
were previously burned into the DEM, both vectors overlap inside the GRWL river mask and add the missing
links that are absent from the DEM-derived network. Inside the GRWL river mask, the resultant network is
undirected, as the GRWL centerline is undirected and the DEM-derived vector directions may be inconsistent
with the actual flow directions in flat terrain.

Before the river network can be processed to create the directed network, it must be cleaned to remove erroneous
lines and join disconnected parts of the network. Gaps between line ends of less than 120 m in the network (i.e., 4
GRWL pixels) were snapped together. Short segments that are only connected to the network at one end (dangles)
or entirely disconnected segments were then removed, with different rules between rivers and lakes. In rivers,
dangles less than two times the width derived from the underlying GRWL mask were removed. For lakes, we
removed dangles less than 10 times the width. These thresholds were derived from trial and error. Erroneous loops
caused by the vectorization were identified by first removing the longest line of the short loops and pruning the
remaining dangles. Lastly, short dangles of less than 500 m were removed. This procedure was repeated itera-
tively to result in a clean network.

2.7. Directed Network

Within the clean river network, we then focused on establishing river network directionality using the RivGraph
tool (Schwenk et al., 2020; Schwenk & Hariharan, 2021). RivGraph contains the functionality to assign flow
directions to water masks of river deltas and sections of braided rivers. It uses a series of topological and heuristic
direction-predicting algorithms. Flow directions are initially “guessed” based on these algorithms, and guesses
are then used to assign flow directions in an iterative approach that works from the most certain network segments
to the least certain. The most common algorithms assign flow directions by enforcing topological continuity (i.e.,
avoiding sources or sinks within the network) and avoiding cycles. Where multiple guesses disagree and
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Table 1

A Brief Description of the Main GRIT Vector Data Sets

GRIT data set Description

Network Segments Lines and nodes between inlet, outlet, confluences and bifurcation nodes

Network Reaches Lines and nodes of segments lines split to not exceed 1 km in length

Catchments Catchment outlines for entire river basins (network components), segments and reaches

Note. See Wortmann et al. (2024) for sources. Raster products and vector attributes are listed in Tables S1-S7 in Supporting
Information S1.

continuity or cycle prevention cannot assign the direction, the direction with most guesses is chosen. Different
networks require different approaches or recipes given on the available direction predicting attributes. RivGraph
provides well-tested recipes for river deltas and sections of braided rivers.

We extended RivGraph by using a width continuity algorithm, and gradients of accumulation, distance to outlets
and elevation within a segment as additional direction predicting attributes. The width continuity algorithm as-
sumes that river widths do not change significantly at bifurcations or confluences, that is, the combined widths of
two tributaries/distributaries should be similar to the width of their downstream/upstream river. This assumption
can be exploited to assign directions when one or two segments at a node are known but others are not. We
assigned directions when the alternative node type would lead to a change in width by a factor outside of the range
1/5t0 5.

A RivGraph recipe was created to handle entire river networks using the RivGraph algorithms and direction-
predicting attributes. As a starting point, inlet and outlet nodes were identified. Line ends in the ocean (identi-
fied using the OSM land-sea mask) or a sink (identified in Section 2.3) were considered as outlets, while all other
single-line nodes were deemed inlets. All segments outside of the GRWL river mask were directed by their flow
accumulation gradient. Single-threaded and large (flow accumulation > 1,000 km?) segments were also set by the
flow accumulation gradient. Then, directions were set iteratively by progressively increasing the flow angle by 2°
increments from the most shallow angle of 0° to a maximum flow direction change of 40°. Directions of
remaining segments were successively assigned by agreement of direction-predicting attributes and finally by
shortest path to an outlet. This recipe was optimized through trial and error using cyclicity and discontinuity as
objective functions.

The handling of cyclic topology in the network was a unique challenge. To address this, topological cleaning was
implemented to create directed, acyclic graphs (DAGs). RivGraph already includes functions to remove cyclicity.
These functions typically unassign all flow directions in a cycle, then iteratively switch the flow direction of the
most uncertain cycle segments, followed by a re-assignment of all other flow directions following the usual
direction prediction algorithms. Most challenging were cycles that created sink catchments without ending in a
sink, as they require a much larger search radius to find and resolve problematic segments. These cycles were
resolved by resetting all upstream segments' directions, then finding the path to the nearest outlet from the cycle
and re-running the entire recipe for the remaining unset ones. After this fully automated process, 74 cycles
remained globally, whose segments were either removed if they only had neighboring segments leaving the cycle
(N = 44) or resolved by manually assigning flow directions (N = 30).

2.8. Final Products

The final step was to assign attributes to the directed network and create ancillary products. A full description of
the attributes in GRIT is provided in Tables S1-S7 in Supporting Information S1 and brief descriptions of data
sets are given in Table 1. Some notable attributes are drainage area, Strahler orders and a main channel flag, as
they are routinely used in river models and analyses. Two types of drainage area are provided: (a) Drainage areas
were assigned to each segment “routing” the DEM-derived flow accumulation at inlets to the outlets. The process
of flow partitioning at bifurcations was addressed by using width-based percentages to determine how drainage
area is divided among the two channels. In the absence of in-situ vertical information, width was found to be the
most predictive approach for flow partitioning (Dong et al., 2020). More complex partitioning schemes are
enabled within GRIT by providing the incidence angles of segments and other attributes. (b) Similarly, a single-
threaded drainage area is provided, that is, at bifurcations all drainage area is “routed” along the mainstems. The
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Figure 2. Global map of the GRIT network. The network is shown for all reaches with GRWL width greater than 30 m as well as their downstream segments. The width
is scaled by partitioned drainage area here for visualization purposes. The inset maps show the multi-threaded river network at regional scale in seven selected regions of
the globe (Fraser, Amazon, Rhine-Meuse, Congo, Padma-Brahmaputra, Mekong and Pearl Rivers). Line widths in inset panels have their own scale also reflective of

drainage area rather than river width.

mainstems are determined by following the widest channel at bifurcations, which is typically indicative of the
main flow path. Knowing the mainstems allows GRIT also to be used as a single-threaded network and highlights
the secondary distributary channels that set GRIT apart from purely convergent hydrographies.

Since river-based tools, models and analyses are typically applied to shorter reaches of more uniform lengths, a
river reach data set is also provided. The network segments are split into equally long parts between two nodes,
each smaller than 1 km. These reaches were slightly straightened to remove the sharp zigzagging introduced by
the underlying rasters and ensure a realistic approximation of the river's course, but the location of the nodes
remains unchanged. Catchments for entire network components (all connected parts), for each segment and for
each reach were delineated using the r.stream.basins GRASS GIS module (Jasiewicz & Metz, 2011).

Vector files are provided in GeoPackage format in both the original equal-area Equal Earth Greenwich projection
(EPSG:8857) as well as in geographic WGS84 coordinates (EPSG:4326) and are freely available on Zenodo
(Wortmann et al., 2024). To keep file sizes manageable, vector layers are split into seven regions, in addition to a
simplified network covering the globe. The network files contain lines and nodes, with catchments available as
polygons. Raster based products (flow accumulation, flow direction, height above and distance from nearest
drainage at 30 m resolution, see Table S1 in Supporting Information S1) are also available upon request.

3. Results and Network Evaluation
3.1. Overview of GRIT

The GRIT network consists of 30 m raster layers (such as flow accumulation, drainage direction, catchments and
other derivatives; see Table S1 in Supporting Information S1) and vector maps (such as river segments, reaches,
nodes and catchments; see Table S2 in Supporting Information S1). The vector maps focus on streams and rivers
with drainage areas greater than 50 km?* and include topological and morphological attributes derived from the
underlying 30 m raster maps. This global vector network has a total length of 19.6 million km over 1.76 million
network segments that are connecting 788,823 inlets, 818,437 confluences, 67,495 bifurcations and 31,528
outlets (6,533 of those in sinks). Rivers wider than 30 m (Figure 2), that is, those primarily delineated from the
GRWL river mask enabling bifurcations, have a length of 2.87 million km.

GRIT's representation of multi-threaded rivers is the first global data set of river bifurcations (Figure 3). The total
number of bifurcations identified in GRIT reaches is ¢.65,000, located mostly in rivers but also in coastal areas.
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Figure 3. Distribution of river bifurcations, including global and continental totals. Doughnuts indicate the GRWL classification. Yellow-to-blue color gradient indicates
the total number of bifurcations within each hex bin. The share of bifurcations located along rivers, coastal areas or lakes and canals is indicated within each donut, for

each continent.

The largest number of bifurcations is found in Asia (c.29,600), followed by North and Central America (c.12,200)
and South America (c.9,800).

3.2. Visual Comparison Between GRIT and Existing Networks (MERIT-Hydro and HydroSHEDS)

The advancement of GRIT over currently available hydrographies is most evident at the local scale (Figure 4 and
Figure S1 in Supporting Information S1). First, the change in resolution from 90 to 30 m, based on the FABDEM
DEM, allows for a more precise representation of various river network features. This can be seen, for example, in
the greater detail on river locations and longitudinal variability (i.e., meanders). Second, the centerlines of rivers
greater than 30 m are at the center of the river mask, which is not guaranteed in purely DEM-generated hy-
drographies. Third and most strikingly, GRIT represents divergent flow paths and partitions flow at bifurcations.
These links are absent from MERIT-Hydro and HydroSHEDS, leading to overestimations of flow in the primary
reach and an underestimation or omission of flow in the secondary reach downstream of bifurcations when
routing flow. Although GRIT includes bifurcations, data on the mainstems and a single threaded network are also
provided. This dual focus is essential for comprehensive river network analysis, as it captures both the complexity
of river systems and the dominance of main channels. Future work could compare the different existing river
networks against maps of time-integrated Global Surface Water Occurrence (Pekel et al., 2016).

GRIT also includes canals that are larger than 30 m wide, which is a significant addition over some existing
hydrographic networks. This capability is particularly beneficial for areas where canals play a major role in the
water network. A unique feature of GRIT is its use of multispectral imagery to infer the centerline of rivers. This
approach means that the GRIT network can be easily updated. This ability for GRIT to be updated is particularly
valuable for monitoring and modeling dynamic river systems, which can change substantially over time due to
natural processes and human activities.

3.3. Evaluation of Gauge Snapping Distance

GRIT's validation process involved a suite of methods to ensure the accuracy of the river network. Gauging
stations play a significant role in this validation process. We assess the snapping distance of the network to the
gauging stations and compare the reported drainage areas where the gauge has snapped to the network. Stations
are first snapped to the nearest point on the network and if that led to a drainage area deviation of more than 20%,
snapping is then repeated to parts of the network that are within £20% of the station's reported drainage area.
Compared with the MERIT-Hydro and HydroSHEDS networks, we find marginal differences in gauge snapping
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Figure 4. A comparison of GRIT with MERIT-Hydro and HydroSHEDS. Center lines are shown in blue in HydroSHEDS (90 m; left column); MERIT-Hydro (90 m;
middle column); and GRIT (30 m; right column). Two locations are shown: Guangzhou in the Pearl River delta, southern China, approx. 50 km upstream of the mouth
(top row), and the Mekong delta (bottom row). The same drainage area threshold is shown in all three networks for consistency. The minimum drainage accumulation
threshold is 50 km? in line with the minimum drainage accumulation used in GRIT.

(Figure 5). We have also compared the distributed drainage area between GRIT and the two hydrographies for

rivers larger than 1000 km?® within the 5 X 5 arcmin search window (see Figure S2 in Supporting Information S1).
This revealed mainly the differences in the sink thresholds, that is, GRIT includes fewer sinks in arid regions than
the other hydrographies. Outside of arid regions, drainage areas only show small deviations, with isolated ex-

ceptions where either the routing of GRIT is different or the river mainstems do not align within the search

CDF snap distance CDF drainage area error
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Figure 5. Cumulative density function comparing the gauge snapping distance (left panel) and drainage area error (right
panel) in the GRIT network (blue line) with those of the MERIT (red dashed line) and HydroSHEDS (orange line) networks.
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Figure 6. Validation of delta network directions and bifurcations in GRIT. (a) Delta network directions from the Discharge In Distributary NeTworks (DIDNT) network
matched by GRIT; circles on the map are DIDNT locations. (b) Manual checking of bifurcation points broken down by all areas, inland and coastal; triangles are
validated bifurcation points. Blue indicates proportion of matches, orange proportion of misses (different directions), and yellow indicates “impossible to tell”
(bifurcation points only). The numbers associated with the doughnut graphs represent the proportion as a percentage.

window, for example, in deltas. It is worth noting that both MERIT and HydroSHEDS have been manually edited,
contrary to GRIT, which is largely automated to improve reproducibility and enable updates.

3.4. Evaluation of Bifurcation Points

Our approach for validation includes a thorough randomized check of flow directions in the distributary network
components. We randomly selected 1000 locations representing the full distribution of catchment areas to assess
the quality of the distributary network (see Supporting Information S1). For each location, we used high-
resolution satellite imagery to determine the flow direction, providing a real-world comparison to the network.
We assessed each of the 1,000 bifurcation points against three criteria: (a) correct bifurcation; (b) incorrect
bifurcation (e.g., should be a confluence); (c) impossible to tell (e.g., areas located in the coastal zone, where the
water could be flowing in both directions). A full description of the bifurcation validation procedure is provided in
the Text S1 and Figures S3-S5 in Supporting Information S1. As a benchmark, we employed the GRWL river
mask on which GRIT is based. Results, shown in Figure 6b, indicate that 91% of GRIT's bifurcation points were
correct. There were very few incorrect bifurcation points within the fluvial part of the network, with 96%
matching, 1% uncertain and just 3% incorrect (out of 730 bifurcation points). Coastal areas had a smaller pro-
portion of correct bifurcation points, with a 76% correct rate and 10% incorrect.

3.5. Comparison to the Discharge In Distributary NeTworks (DIDNT) Data Set

The Discharge In Distributary NeTworks (DIDNT) data set (Hariharan et al., 2022) contains networks and
discharge partitioning estimates for 28 deltas globally, calculated using RivGraph. We compare GRIT against the
DIDNT data set as it includes high quality, manually corrected delta networks that are similar to GRIT, but
derived from 10 m river masks. To compare, we snapped segments from DIDNT to GRIT reaches and calculated
the azimuth difference. Figure 6 shows the proportion of GRIT river segments that matched the DIDNT river
network. Segments are deemed invalid if the DIDNT segments that were snapped are further than their corre-
sponding river width away. Similarly, segments that have an average width narrower than 30 m, or are near-
perpendicular to the snapped GRIT segment (azimuth differences between 75 and 105°), are also deemed
invalid. In contrast, segments are deemed correct if they are not invalid and have azimuth differences below 75°.
Segments are considered incorrect if they are not invalid but have azimuth differences above 105°. This approach
allows for a detailed assessment of GRIT's accuracy and the identification of areas that may need refinement. We
identified 92% match of directions between GRIT and DIDNT globally. Across the 28 deltas, matches are
typically above 90% (Figure 6a) for most locations. Given that the DIDNT network represents some of the most
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complex parts of the global river network, this performance is likely to be a conservative measure of GRIT's
overall accuracy.

4. Discussion: Implications and Limitations
4.1. Impact of GRIT for Global Assessments

The impact of GRIT for global assessments may be significant, particularly for global flood analyses and large-
scale hydrological modeling. For global flood analyses, GRIT offers a more detailed and accurate representation
of river networks. GRIT's high resolution and precise depiction of river courses, including bifurcations and ac-
curate channel positions, can be used to enhance the accuracy of flood risk assessments and predictions. For
example, large-scale flood models routinely use drainage area to derive river bathymetry. GRIT provides this also
for distributaries and hence is directly transferable to these models that have previously been used only in single
deltas (Ikeuchi et al., 2015; Yamazaki et al., 2014). This improved accuracy will be valuable for better under-
standing of flood hazard at the global scale.

In the realm of large-scale and global hydrological modeling, there is a clear trend toward hyper-resolution
modeling (Bierkens, 2015; Wood et al., 2011). GRIT aligns with this trend, offering a higher resolution and
more detailed river hydrography to support these advanced modeling efforts and the use of data-driven models
based on artificial intelligence and machine learning (AI/ML). By providing more granular information, GRIT
enables a more nuanced understanding of hydrological processes at smaller scales, which is essential for
addressing the complexities of global water systems.

A last key aspect of GRIT is its vector-based approach that harnesses the value of river masks, which can be
generated from a variety of sources. Previous global networks relied mainly on DEMs, and were inherently raster-
based approaches, where the topology and linear characteristics of streams and rivers were often secondary
considerations. The vector-based approach of GRIT shifts the focus, allowing for more detailed topological in-
vestigations and representations of river networks. This shift opens up new opportunities for exploring and un-
derstanding the intricate patterns and behaviors of global water systems, leading to more comprehensive and
effective water management strategies on a global scale. A significant advantage over the DEM-only approach is
also the ability to update GRIT with improved or up-to-date river masks from various Earth Observation data sets,
without the need for improved/costly elevation data.

4.2. Limitations and Possible Future Improvements

As with any new approach, GRIT has challenges and areas for possible future improvements. A primary area for
potential improvement is consideration of the semi-permanence of the river network, including bifurcations and
distributaries. River channels and deltas can change over time due to natural and human causes, with some bi-
furcations and distributaries being temporary or fluctuating with seasonal or environmental changes. A deeper
understanding of this phenomenon is necessary for accurately modeling river networks, as it affects the repre-
sentation of river flow and the dynamics of river systems. The ability to update the GRIT river network with
improved river masks from Earth Observation data sets is one of GRIT's strengths and brings us closer to
addressing the nonstationarity in river systems. In the future, GRIT could be enhanced to function as a
dynamically updating river network. This could be accomplished by identifying portions of the river network that
bifurcate or change seasonally, such as the Brahmaputra, updating such locations at regular intervals, and con-
necting them to a more stationary meta layer. Another key issue in GRIT is related to vectorization. Specifically,
there are discontinuities in the GRWL mask that stem from its 30 m resolution. Currently these discontinuities are
addressed by GRIT's approach to filling gaps using single flow directions, but this approach could be improved, as
discontinuities can lead to inaccuracies in representing the complex network of river channels, particularly in
areas where rivers split into multiple channels or merge. A higher resolution river mask would fill these dis-
continuities, as smaller channels would be included. Human-made diversions wider than 30 m are currently
represented in GRIT, but any smaller diversions would also require a higher-resolution river mask or other
globally consistent data sets representing these flow paths, which for example, OSM currently does not provide.

It is also important to note that although GRIT is burning in river centerlines from OSM outside of the GRWL
river mask, flow lines may not always correspond to observed river flow and thus may not always agree with the
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location of the water table, as is required for for example, groundwater models. Within the GRWL river mask,
centerlines are always true to the Landsat/GRWL observations.

Overall, addressing these limitations and implementing suggested improvements would enhance GRIT's reli-
ability and accuracy in future iterations. With the advent of hyper-resolution modeling and AI/ML, GRIT is
expected to greatly improve the accuracy of many river-based applications such as flood forecasting, water
availability and quality simulations, or riverine habitat mapping. For instance, machine learning models can be
trained to predict hydrologically relevant variables such as the bankfull river channel conveyance capacity (Liu
et al., 2024) and then produce globally distributed estimates along the GRIT network. This approach can be used
to develop essential input data sets for Global Flood Models or to enhance ML-based hydrological forecasting.

5. Conclusions

In this research we sought to address a significant gap in the representation of global river networks, namely the
mapping of river bifurcations, multi-threaded rivers, deltas, and artificial channels. Recognizing the limitations of
existing elevation-derived networks such as HydroSheds and MERIT Hydro, which largely ignore these complex
features, our goal was to develop a more comprehensive and accurate global river network. To achieve this, we
employed a novel approach, combining a 30 m Landsat-based river mask with elevation-generated streams, and
integrating a more accurate 30 m digital terrain model (FABDEM) in place of traditional SRTM derivatives. This
vector-based approach not only captures the tributary components but also the distributary components of river
networks, including intricate multi-threaded channels, canals, and delta distributaries.

GRIT offers a significant improvement for the accuracy of river-based geoscience and machine learning appli-
cations, ranging from flood modeling and forecasting to water quality simulations and riverine habitat mapping.
The inclusion of features like multi-threaded rivers and bifurcations ensures that GRIT is more reflective of the
real-world complexities of river systems, particularly in densely populated and ecologically critical areas such as
large river deltas. However, GRIT does have limitations, including challenges in vectorization or inaccurate
directions in highly complex, multi-threaded parts of the network. These aspects highlight areas for further
research, such as improving vector-based representation and exploring alternative methods for handling complex
river systems. Further development and refinement of GRIT will be crucial in advancing our understanding and
management of global water systems, especially as the field moves toward hyper-resolution modeling in hy-
drology, ecology, and related disciplines.
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30 m FABDEM (Hawker & Neal, 2021); the Global Surface Water Explorer (GSWE) raster data set (Pekel
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data sets produced are listed in Table 1, with details in Tables S1-S7 in Supporting Information S1.
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