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A B S T R A C T   

This report presents a reference flow network for the conterminous United States that is built from the best 
available information from the U.S. Geological Survey, the National Oceanic and Atmospheric Administration 
National Weather Service, and the U.S. Environmental Protection Agency. The work is intended to support 
durable data integration and reproducibility. Originating from the National Hydrography Dataset Plus 
(NHDPlus) V2.1, the reference flow network incorporates network connectivity enhancements from federal agency 
efforts. After incorporating these network improvements, many original NHDPlus attributes were regenerated to 
enable network navigation and related operations. After introducing the motivation and background for this 
work, this report describes the attribute generation workflow and data quality checks that were performed in 
preparation of the dataset. The reference flow network follows the NHDPlus data model and is described using 
terms defined in the Mainstem and Drainage Basin logical model and WaterML2 Part3: Surface Hydrology Features 
conceptual model.   

1. Introduction 

The route water follows from its source on the landscape to an inland 
sink or the ocean is important to many domains of environmental sci-
ence including hydrology, hydrodynamics, geomorphology, water 
quality, limnology, aquatic ecology, water availability, disaster man-
agement, and others. Many water quantity and water quality models 
adopt network connectivity as a given that is not altered and has strong 
impacts on model performance. For this reason, improving network 
connectivity should help minimize fundamental errors in our models. 

Models that simulate flowing water, or that use data located on a 
flow network, require the best network representation possible. The 
connectivity of these flow networks can be very complex, and ever 
changing. As a result, even when authoritative, quality-controlled net-
works are used, it is common for projects to apply changes based on local 
knowledge. While many modeling groups start with the same source 
flow network, changes to improve network connectivity rarely make it 
back into an integrated, updated network. Systems to update the ge-
ometry of a latest available hydrographic dataset in the United States 
(US) (the National Hydrography Dataset) (U.S. Geological Survey, 2022) 

have been used to capture updates and fixes in some cases. However, 
fixes to the flow network of source datasets for modeling made by 
modeling projects have, by in large, not been incorporated back into a 
reference flow network for use in future modeling. Given this common 
occurrence, interoperability and reproducibility become a challenge. 

In the US, digital representation of the national flow network has 
evolved for three decades (Horn, 1994; Bondelid et al., 2010; McKay 
et al., 2015; Brakebill et al., 2020; National Oceanic and Atmospheric 
Administration, 2021). Since its release in 2015, the U.S. Geological 
Survey, the National Oceanic and Atmospheric Administration National 
Weather Service, and the U.S. Environmental Protection Agency have all 
worked to improve the network (Dewald, 2017) of the National Hy-
drography Dataset Plus V2.1 (NHDPlusV2) (McKay et al., 2015) The 
identifiers used to integrate data with these datasets (the “comid”, which 
is a per-line identifier and the Reachcode, which aggregates one or more 
“comid”s) do not persist across datasets and have changed through time 
as data improvements have been made. The focus of the work described 
here is incorporation of this legacy of changes into a central reference 
flow network (italicized throughout this report) that can be updated 
regularly but use persistent identifiers and still support reproducibility 
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and durable data integration (See Blodgett, 2023; Blodgett, 2023-1 data 
releases). 

Persistent (or durable) identifiers and appropriate representation of 
flow networks across scale support continental-scale, nationally 
consistent, and locally relevant modeling. Automation of data quality 
checks facilitates work with national or continental scale datasets that 
may be too large for review by a domain expert. Reproducibility and 
comparability can be difficult with a changing (even if improving) flow 
network if the connectivity and representation of flowing water bodies 
changes. For example, associations between stream gages or water 
quality sample locations (sources of truth) and rivers (subjects of 
reproducible science) must remain consistent if we are to expect 
reproducible outcomes. However, if identifiers or representations of the 
flow network change, we will get different results. The reference flow 
network aims to resolve the problem of durable identification and 
network representation. It improves our collective ability to build 
representative modeling frameworks and integrate relevant landscape 
and observational data by simultaneously addressing the needs of con-
tinental hydrologic modeling and Findable, Available, Interoperable, 
and Reusable (FAIR) (Wilkinson et al., 2016) environmental data. To 
facilitate these goals, the reference flow network is based on the logical 
data model presented in Blodgett et al. (2021) and the more general 
conceptual data model in Blodgett (2020). Key terms used in this paper 
that are defined in these reports are introduced when first used and, in 
addition to reference flow network. 

The reference flow network is part of what is referred to here as a 
“reference fabric”. The concept of “reference fabric”, as introduced here, 
is intended to support collaborative inter-agency hydrologic modeling 
(Fig. 1). A “reference fabric” is an integrated collection of data that is 
both a reference system to which information can be addressed and a 
reference dataset with which to create baseline representations of hy-
drologic systems. A “reference fabric” includes a non-spatial reference 
flow network, line and polygon geometries, and community-recognized 
hydrologic locations (Points of Interest) that are integral to the flow 
network (e.g. stream gages, dams). This report describes the creation of 
the reference flow network only. 

US initiatives that may benefit from this work include the U.S. 
Geological Survey National Water Census (Michelsen et al., 2016; Miller 
et al., 2020) and the National Weather Service National Water Model 
(National Oceanic and Atmospheric Administration, 2016). Within 
these, the National Oceanic and Atmospheric Administration (NOAA) 
Next Generation Water Resource Modeling Framework (Ogden et al., 
2021) and the U.S. Geological Survey National Hydrologic Model (Bock 
et al., 2021; Regan et al., 2019) are the work’s initial focus. There have 
been calls in the hydrologic and Earth System Modeling science com-
munities for general advancement in continental-domain hydrologic 
modeling which this work seeks to advance (Archfield et al., 2015; Clark 
et al., 2015). 

Treating public data as a universally available and useable strategic 
asset is widely understood to be in the public interest (OECD, 2021). 
Recognizing this, the development of the Reference Fabric is also 

motivated by the Go FAIR initiative and the principles of the Internet of 
Water (Internet of Water Organization, 2021). The work has specific 
focus on public domain Web identifiers for environmental features 
(Blodgett, 2020) that allow all data providers to contribute to a well 
understood system of linked environmental data. These FAIR public data 
aspects of the motivation for this work are realized through a commu-
nity (Internet of Water) data indexing system known as the Network 
Linked Data Index (Blodgett, 2023-2) and the geoconnex.us identifier 
registry and knowledge graph (Internet of Water Organization, 2023). 
Objectives of modeling and FAIR data work together naturally. Models 
benefit from additional data brought to bear while FAIR data can be 
made more capable by leveraging and incorporating data improvements 
and outputs of models. 

1.1. Background 

The HY_Features conceptual data model standard (Blodgett and 
Dornblut, 2018) provides a set of concepts for formalizing hydrologic 
data integration and reproducibility in the hydrosciences. It introduces a 
wholistic conceptual definition of catchment (italicized when used in the 
HY_Features sense) that serves two roles: conveying water from the land 
into a flow network and conveying water from an inlet to an outlet. 
These two roles are fulfilled by the “flowpath” and “catchment area” 
conceptual realizations of the catchment concept respectively. Flowpath 
and catchment area are italicized to draw attention to their specific 
definition from the HY_Features conceptual data model. 

The catchment concept is wholistic in that it includes all aspects of 
hydrologic function within its divide and it can be applied at any scale. A 
special case (but still wholistic and applicable at any scale) of the 
catchment concept is “drainage basin”. A drainage basin is a catchment that 
is the total upstream area draining to an outlet (Blodgett & Johnson, 
2022-1) (drainage basin is italicized to draw attention to its specific 
definition). As such, a drainage basin can be used to define nested hier-
archies across a wide range of spatial scales. Given that a drainage basin 
has a primary flowpath (a “mainstem”), nested hierarchies of drainage 
basins are connected by a directed acyclic graph or tree of mainstems 
(Blodgett et al., 2021) (mainstem is italicized to draw attention to its 
specific definition). The reference flow network depends heavily on the 
mainstem concept and its implementation in the NHDPlus data model, 
“level path”. In NHDPlus, the level path attribute is a unique identifier 
for the primary upstream path from anywhere in the network that is 
described in detail below. Level paths generally follows a river’s name 
but are defined for features without names as well. Fig. 2 shows the 
relationship between incremental catchment areas surrounded by their 
divides, flowpaths, a scale-dependent drainage basin surrounded by its 
divide and its respective mainstem. This framework is intended to sup-
port integration of multi-scale hydrologic process investigation from 
zero-order to large mainstems using common identifiers and feature 
linkages. 

Previous works on national hydrographic data have been distributed 
as static snapshots that do not evolve with time. The source datasets and 

Fig. 1. Components of the overall “reference fabric”. Updated network attributes from Enhanced NHDPlusV2 (e2NHDPlus) (Brakebill et al., 2020), National Water 
Model (NWM) (National Oceanic and Atmospheric Administration, 2016). Reference catchments and flowlines from NHDPlusV2 (McKay et al., 2015) Community 
Points of Interest (POIs) from varied sources. 
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software used to create the hydrographic datasets have not been made 
available for inspection, reuse, or enhancement (as with Horn, 1994; 
Bondelid et al., 2010; and McKay et al., 2015). This, in addition to di-
versity in manually created and edited content, has posed challenges to 
data curation, maintenance, and general community involvement. In 
contrast, the reference flow network has been developed as a reproducible 
and open-source workflow based on publicly available input datasets 
and software. While updating such a dataset is a non-trivial process, 
these practices aim to make that process more efficient and foster better 
community understanding and involvement as the network is updated. 
The dataset will evolve in three ways: 1) its resolution will improve, 2) 
its representation of the network will improve, and 3) the flaws in its 
source data will be identified and fixed. These changes will be incor-
porated in an open and reproducible process where identifiers are 
maintained, and backward compatibility is established explicitly. The 
mainstem identifier system at the core of the reference flow network fa-
cilitates incorporation of these updates and backward compatibility into 
the future. 

1.2. Network representation and attributes 

The NHDPlusV2 dataset (McKay et al., 2015) is used as the base data 
source and base data model for the reference fabric (Dewald, 2017; 
Brakebill et al., 2020). This ensures that the work can capitalize on the 
efforts that came before and that this work is compatible with applica-
tions using the NHD Data model (U.S. Geological Survey, 2022) and 
associated features. The NHDPlus data model includes what it calls 
‘value added attributes’ that are documented in the NHDPlusV2 manual 
(McKay et al., 2015) and are also implemented in the reference flow 
network. 

All flow networks can be represented as an edge-to-edge (edge list) or 
edge-to-node topology (node topology) (Fig. 3). An edge list only ex-
presses the connectivity between edges (flowpaths in the context of 
rivers), requiring nodes (confluences in the context of rivers) to be 
inferred. Both of these schemes are present in the NHDPlus data model. 
Specifically, the “hydroseq”/“dnhydroseq” (hydrosequence/down 
hydrosequence) relationship expresses the network as a dendritic edge 
list, and the fromnode/tonode relationship expresses it as a node to-
pology (these attributes are described in detail in Table 2). This initial 
work on the reference flow network did not require representation of 
diverted flow. Given this, the current reference flow network only in-
cludes the edge list representation of a network and does not include 
diverted flow. 

By treating the network as a dendritic tree of “primary” downstream 
paths, headwaters and diverted paths are treated similarly. Practically, 
this means that the diverted fraction is always 0 at a divergence. In 
practice, a flow routing algorithm could change this assumption as 
source dataset diversion information is not lost. For example, Fig. 4 il-
lustrates two paths, one that is diverted from the other. The path through 
edges 1, 4, and 5 would be considered the main path. The diversion at 
N2 is only represented in the edge-node version of the flow network. 
Edge 2 is treated as if it has no inflow in the edge-to-edge version of the 
flow network and the path through edges 2 and 3 is treated as a tributary 
path. Explicit diversion handling could be introduced by reintroducing 
edge-node connections but was not required for the initial needs of the 
dataset so was not included. 

While the current version of the reference flow network focuses on the 
NHDPlus, it is important to note that the methods and software devel-
oped for it are applicable to any hydrologic network that contains a set 
of key base attributes (Table 1). These attributes are used to generate 
two key network attributes, hydrosequence and level path. 

Any algorithm that uses a flow network and requires understanding 
the upstream to downstream relationship of network elements requires a 
sorted version (or attribute that facilitates upstream downstream sort-
ing) of the network. The NHDPlus data model attribute, “hydro-
sequence” is functionally a topological sort f the flowpath network 
(Cormen and Leiserson, 2022). An attribute functionally equivalent to 
hydrosequence has been used since the earliest digital hydrographic 
datasets (Horn, 1994). It is an integer identifier that is guaranteed to 
decrease in the downstream direction. For flowpaths that are not con-
nected by a single-direction navigation (e.g. parallel tributaries) the 
hydrosequence has no significance. In other words, when two flowpaths 
have a single-direction navigable connection, the downstream flowpath 
will always have the smaller hydrosequence attribute. Fig. 5D shows the 
hydrosequence attribute visually. 

Level path is derived from “stream level” which is a constant integer 
attribute along a mainstem rivers from outlet to headwater. “Stream 
leveling” is the process of establishing level paths through a stream 
network. This is accomplished with a set of rules that determine which 
tributary should be considered dominant at every confluence and es-
tablishes the mainstem for each drainage basin in a network. In the stream 
level algorithm, rivers terminating to the ocean are given level 1; this 
level extends all the way to the headwater. Rivers terminating into level 
1 rivers are given level 2, and so on. Fig. 5 illustrates stream level (5B) 
and level path (5C). As a point of reference, the NHDPlusV2 has about 

Fig. 2. A set of incremental catchment areas surrounded by their divides 
(black) each have a flowpath (sky blue). The incremental catchment areas 
constitute a drainage basin boundary (red) that has a predominate mainstem 
(dark blue). 
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2.7 million flowlines and includes about 1 million unique level paths. 
The longest level path (the Missouri River) is over 2400 individual 
flowlines. 

In the NHDPlus data model, level path identifiers are set to the same 
value as the hydrosequence of the flowpath at the level path’s outlet. See 
Blodgett et al., 2021 for a more in-depth discussion of these concepts. 

A detail worth illustrating here relates to durability of identifiers. 
Given that the value of hydrosequence attributes (the sort order) will 
change if the number of features in the network changes, using the outlet 
hydrosequence value as a level path’s value results in unstable level path 
identifiers. As a result, use of the hydrosequence-based level path 

Fig. 3. In an edge-node topology (left), edges are directed to nodes which are then directed to other edges. An edge-to-edge topology (right) does not have 
intervening nodes. 

Table 1 
Base Attributes needed to derive hydrosequence and level path.  

Attribute Description Purpose Notes 

fromnode/ 
tonode 

Node topology Must have this or 
the edge list 
topology for any 
network 
calculations. 

From and to nodes 
can be used to 
generate an edge list 
flowpath topology. 

id/toid Dendritic edge 
list topology. 

All network 
traversal is based on 
the dendritic edge 
list topology. 

Secondary divergent 
paths are represented 
as network initiation 
flowpaths. 

divergencea Diverted path 
attribute. 

Used with nodes to 
create a dendritic 
upstream to 
downstream edge 
list topology. 

This attribute is 0 for 
normal (already 
[many:1] dendritic) 
connections, 1 for the 
main path through a 
divergence, and 2 for 
any diverted path. 

Length A length for each 
flowpath in the 
network 

Determine a flow 
distance, and, if 
using the arbolate 
sum, stream 
leveling. 

Can be derived from 
flowpath geometry 

area The drainage area 
of each flowpath’s 
catchment area. 

Primarily used to 
calculate total 
drainage area. 

Can be derived from 
catchment area 
geometries 

weighta Indication of how 
large a flowpath 
is relative to 
others in the 
network. 

A weight metric is 
required to 
determine the 
dominant upstream 
flowpath 

In reference flow 
network, the arbolate 
sum (the sum of all 
upstream flowpath 
lengths) is used. 

nameid Stream Name It is often preferable 
to follow a named 
path rather than a 
weight. 

Optional  

a Can be derived from other input sources, or are optional inputs. 

Table 2 
Attributes generated from the hydrosequence and level path attributes.  

Attribute Description Purpose 

terminal path The hydrosequence identifier of the terminal flowpath of network. Identifies the terminus of a dendritic network. 
up hydrosequence: The identifier of the upstream flowpath along the mainstem. Identifies the upstream flowpath along the mainstem 
down hydrosequence The identifier of the downstream flowpath along the mainstem. Identifies the downstream flowpath along the mainstem 
up level path The identifier of the upstream level path along the mainstem. Identifies the upstream mainstem 
down level path The identifier of the downstream level path along the mainstem. Identifies the downstream mainstem 
path length The distance to the network outlet downstream along the main path. Understanding the routed length or river network to the terminus 
total drainage area The total accumulated area from all upstream catchment areas. The complete upstream area of a flowpath outlet 
arbolate sum The total accumulated length of upstream flowpaths. Used to determine primary upstream path.  

Fig. 4. In an edge-node topology (left) divergences can be represented as 
multiple edges emerging from a single node. In an edge-to-edge topology (right) 
diversions require one to many relationships that can be difficult to work with 
in practice. 
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identifier for cross-dataset integration is impossible. Level path and 
hydrosequence form the basis for a number of additional attributes 
useful for hydrologic networking. Table 2 summarizes these attributes’ 
definitions and their purposes for hydrologic network operations. 

2. Methods 

The main improvements made to the NHDPlusV2 network have been 
to the network topology. Anytime there is a change to the topology, 
there are cascading impacts to the base attributes (Table 1), the resulting 
hydrosequence, level path, and their derived values (Table 2). A robust, 

Fig. 5. (A) A set of incremental catchment areas 
surrounded by their divides (black) each have a 
flowpath (sky blue). The incremental catchment areas 
constitute a drainage basin boundary (red) that has a 
predominate mainstem (dark blue). 
(B) Stream level values are constant along mainstem 
paths and express how deeply nested the drainage 
basin network is.(C) Level path values are constant 
along mainstem paths and are derived from the 
hydrosequence of their outlet flowpath. (D) Smaller 
‘hydrosequence’ values are guaranteed to be down-
stream of larger values along connected paths.   
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open-source workflow for regenerating the derived values from the base 
attributes should help meet the objectives of a “reference fabric” that 
represents the legacy of improvements and is able to adapt to future 
change. 

2.1. Source data 

Processing on the reference flow network started by combining the 
“Value Added Attribute” table of the NHDPlusV2 (McKay et al., 2015), 
with the network improvements contained in the e2NHDPlus (Brakebill 
et al., 2020), and NWM (National Oceanic and Atmospheric Adminis-
tration, 2021) applications. 

The first challenge in combining the networks is associating their 
respective network topologies. The NHDPlusV2 and e2NHDPlus repre-
sentation of the network are designed to account for divergences and 
thus include nodes in the network topology representation. As noted in 
Table 1, this node topology can be used to derive an edge list. A node 
topology is included in the NHDPlusV2 and e2NHDPlus, but not the 
NWM. The NWM only includes an edge list topology (defined as “link” 
and “to” in the NWM “RouteLink” file). The respective topologies are 
shown in Table 3. 

In general, modifications to network connectivity in the NWM 
network established connections where the NHDPlusV2 indicated 
disconnected network. Modifications in the e2NHDPlus are generally 
corrections to the “main path” where a divergence occurs in the 
NHDPlusV2. Figs. 6 and 8 show the spatial distribution of changes to the 
network. While these are the initial improvements integrated with the 
network, they are not exhaustive. As new network improvements are 
identified, the design of the reference flow network could support incor-
poration of the updates. 

2.2. nhdplusTools R package 

The nhdplusTools R package (Blodgett and Johnson, 2022) houses 
the majority of the hydrologic network and hydrographic data func-
tionality used in development of the reference flow network. Workflow 
repositories associated with the Mainstem Rivers of the Conterminous 
United States data release (Blodgett, 2023; Blodgett, 2023-1) and the 
broader Geospatial Fabric for National Hydrologic Modeling data 
release (provisional at the time of writing as described in https://waterd 
ata.usgs.gov/blog/nldi-intro/(Blodgett and Johnson, 2023)) contain 
additional data manipulation logic. The following sections describe 
hydrologic network attribute generation functionality built into 
nhdplusTools and used in the workflows. 

All nhdplusTools functions are implemented using a rigorous test- 
driven development style. That is, tests were developed as part of the 
software development process verifying that results match expectations 
precisely from initial implementation into the future. Most functions 
have associated tests that reproduce NHDPlusV2 attributes and verify 
that results are equivalent and tests that verify fine grained details and 
edge cases. Additionally, as bugs and edge cases were identified, tests to 
reproduce the bug were implemented as part of the fix, ensuring the 
issue does not reappear as the code base is modified in the future. This 
testing approach is critical to ensure accurate results in future use of 
workflows with new and more regularly updated data. nhdplusTools is 
the first open-source implementation of the NHDPlus data model 

attributes that uses this test-driven development style. 

2.3. Workflow 

The workflow described here is in two parts, (1) the logic for 
combining NHDPlusV2, NWM, and e2NHDPlus networks. (2) the 
application of nhdplusTools to regenerate network attributes. 

2.3.1. Network combination 
The three input datasets were developed from the NHDPlusV2 

originally and all use the same common identifier (“comid”). As a first 
step, the NHDPlusV2 and e2NHDPlus tables were joined based on 
“comid”. In places where there was disagreement in the node topology, 
the e2NHDPlus modifications were kept. Once changed, a new “toco-
mid” (edge list) field was created based on the updated node topology. 
Out of a total 2.7 million features in the NHDPlusV2, 2151 “tocomid” 
values and 2,769 divergence indicators were changed. 

With this network, connections from the NWM could be added. The 
following prefilters were applied to avoid changes that could not be used 
for the reference flow network:  

1) Where a given feature had more than one “tocomid”, the divergence 
indicator was used to limit network connectivity to one and only one 
downstream feature. There were about 73,000 diversions avoided 
here.  

2) No changes were made to relationships involving features with a 
“coastal” feature type code even though some NWM changes were 
directed to coastline features. 

3) Changes were not applied where more than ten features were up-
stream of one downstream feature. Some NWM changes were 
directed through large lakes and could not be used.  

4) Only changes directing flow to features originally part of the 
NHDPlusV2 were considered for inclusion. Some NWM changes went 
to features not included in the NHDPlusV2 domain and could not be 
used.  

5) After release of the first version of the reference flow network, an issue 
was found such that changes to primary downstream connectivity 
applied in e2NHDPlus were being reverted when applying NWM 
changes. To fix the issue, any disagreement in downstream connec-
tivity where the e2NHDPlus made a change were not altered when 
incorporating the NWM network. The reference flow network was 
released as a version 2 (Blodgett, 2023-1) 

With these caveats applied, 201 features (locations shown in Fig. 6) 
had network connectivity in the NWM that did not exist in the 
e2NHDPlus update of NHDPlusV2. For these, the divergence and 
“tocomid” attributes were updated. If what was a divergence was to 
become a main path or vice versa, the divergence indicator was 
switched. The “tocomid” attribute was then switched to that indicated 
by the NWM. With these applications, the resulting network retained the 
information in Table 4 from which NHDPlus network attribute calcu-
lations (Table 2) could be made. 

2.3.3. Application of nhdplusTools 
With the completed network defined in Table 4, one remaining 

attribute is needed per Table 1, a weight for determination of primary 
upstream paths. For this application, the arbolate sum was calculated 
using the calculate_arbolate_sum nhdplusTools (Blodgett and Johnson, 
2022) function. Once added, a series of nhdplusTools functions, shown 
in Fig. 7, were executed sequentially to generate the hydrosequence and 
level path identifiers and the NHDPlus data model attributes in Table 2.  

- calculate_arbolate_sum calculates the sum of all upstream flowpath 
lengths for each flowpath outlet.  

- get_sorted walks the network of features from outlets to headwaters, 
returning data in the order it was encountered. The row number of 

Table 3 
Topology types and attributes in three input datasets. (NHDPlusV2 McKay et al., 
2015), (NWM National Oceanic and Atmospheric Administration, 2021), 
(e2NHDPlus Brakebill et al., 2020).  

Dataset Edge list Topology Node Topology 

NHDPlusV2 comid → tocomid fromnode → tonode 
NWM link → to  
e2NHDPlus  fromnode → tonode  

D. Blodgett et al.                                                                                                                                                                                                                                
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Fig. 6. Shows locations where terminal flowlines in NHDPlusV2 (McKay et al., 2015) were connected and are no longer terminal in the reference flow network.  

Fig. 7. Shows the input networks, functions that require them, and output variables.  

Fig. 8. Shows locations where downstream connections from NHDPlusV2 (McKay et al., 2015) were altered such that a given flowline is now connected to a different 
downstream flowline in the reference flow network. 
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the returned features is a topological sort for the network that can be 
used as a hydrosequence.  

- get_levelpaths uses a name identifier (in this application, the name 
is the NHDPlus (McKay et al., 2015) levelpathid which corresponds 
to the NHD Geographic Names Information System (U.S. Geological 
Survey, 2021) name) and weight to identify dominant level paths 
through the network. The upstream tributary with the same name is 
considered dominant unless the weight is X times larger (X is defined 
by the user) for the unnamed or differently named upstream feature. 
For the work here, arbolate sum was used for the weight and the 
override factor was set to 5.  

- get_pathlengths walks the network of features from outlets to 
headwaters adding the length of a feature to the already visited 
pathlength of its downstream neighbor.  

- calculate_total_drainage_area accumulates incremental drainage 
area starting at headwaters working downstream summing upstream 
neighbor’s total drainage area. 

- run_plus_attributes function calls get_sorted, get_levelpaths, get_-
pathlengths, and calculate_total_drainage_area and adds down level 
path and down hydrosequence with a table join post process. 

As noted early in this process summary section, the name identifier 
used in get_levelpaths was actually the level path from NHDPlusV2. 
Typically, this would be a name from a source of geographic names. In 
the NHD, this is derived from the U.S. Geographic Names Information 
System (U.S. Geological Survey, 2021). This was a convenient way to 
ensure the new level path identifiers would correspond to the 
NHDPlusV2 source except where the weight indicated is 5 times greater 
than the arbolate sum along the name indicated path. The original 
NHDPlusV2 level paths followed names without this override, so by 
using that level path here, names are generally followed while major 
outliers could be fixed. Notable outliers were related to artificial paths 
that form connections in lakes and rivers that did not have the name of a 
major river associated with them. In this case, a named tributary would 
be followed rather than the major upstream path that would have 
otherwise been the obvious option to follow. The selection of 5 for the 
override was based on evaluation of instances where following the name 
would cause issues but not set so high as to change important conflu-
ences such as the Missouri river and Mississippi river (arbolate sum 940, 
400 km vs 302,300 km). 

Once processing described just above was complete, the NHDPlusV2 
level path identifier (i.e., nameid) was dropped and the “weight” attri-
bute renamed to arbolate sum. A stream order and stream level were 
then added to the output network by calling the get_streamlevel and 
get_streamorder functions. While not applicable to modeling and data 
integration applications, stream order and stream level were added for 
completeness relative to NHDPlusV2 value added attributes. As a last 
step, useful NHDPlusV2 attributes that were not affected by network 
topology were joined to the output network and saved. 

3. Results 

The reference flow network (Blodgett, 2023-1) has been checked and 
reviewed using automated and manual methods. Automated checks 
ensured that expected relationships between identifiers such as hydro-
sequence, level path, and terminal path were correct, and that all 

attributes were fully populated and in their expected range. Due to the 
size of the dataset, manual checks were not comprehensive but were 
used to identify some systematic issues (specifically with initializing 
some coastal outlets) that were addressed prior to release of the dataset. 
Manual checks also cross validated attributes such as total drainage area 
between NHDPlusV2 and this new network. Due to the addition of 
previously disconnected areas and alteration of primary vs diverted 
path, fully automated checks of accumulated network attributes were 
not possible as no one “accurate” value is available for all feature at-
tributes. However, some wholistic validation checks were performed. 
For example the only places with more than 10% difference in total 
drainage area (Fig. 9) were are associated with nearby alteration of 
network connections (Fig. 8). Note that the absence of yellow overlay in 
Fig. 9 indicates agreement in total drainage area. 

In addition to automated and manual checks, the reference flow 
network (Blodgett, 2023-1) has been tested through its use as a primary 
input to the ongoing National Reference Fabric development (Fig. 1) 
(Blodgett and Johnson, 2023). One of these derived products is a CONUS 
wide hydrofabric created for development of the NOAA NextGen Na-
tional Water Resource Modeling Framework (Johnson, 2022). For this 
initial proof of concept, a complete 2-month, hourly, CONUS scale hy-
drologic simulation has been executed on this dataset. Each of these 
modeling applications has been a rigorous test of the dataset’s conti-
nuity and quality. 

In the interest of FAIR data and the Internet of Water, the reference 
flow network has also been tested through its use as the primary input to 
the “Mainstem Rivers of the Conterminous United States.” data release 
(Blodgett, 2023). Through development of that data release, the refer-
ence flow network has been subjected to in depth verification. The 
workflow that created the “Mainstem Rivers of the Conterminous United 
States” data release, identified matching level paths between the refer-
ence flow network and several other hydrographic networks. Manual 
inspection (e.g., not automated) conducted during dataset development 
and the fact that strong correspondence was found between many net-
works is further evidence of the quality of this network. 

4. Discussion 

While implemented at a national scale, this work is also intended to 
serve the needs of regional and local applications. The national model 
applications this work supports may provide local-scale information and 
multi-purpose local modeling capacity. Regional and local studies may 
be able to conduct research and assessment activities reusing the 
network data, data integration it enables, and/or the tool chain used in 
its creation. These three modes of reuse illustrate the value that could be 
derived from this work:  

1) adoption of network features and attributes,  
2) use of the network features as a data integration aid, and  
3) use of the tool chain developed in support of 1 and 2 on various 

hydrographic datasets meeting minimum data requirements. 

US Federal water resources research, assessment, and forecasting 
applications (Michelsen et al., 2016; Miller et al., 2020; Ogden et al., 
2021) were the primary motivation for this work and the ability for local 
and regional stakeholders to utilize it for their own context is important, 
but the work also has global significance. The tools developed for this 
work concerning US national hydrographic datasets (Blodgett and 
Johnson, 2022) have also been used with a global network of river 
features. For the National Hydrologic Model Geospatial Fabric, the 
global “MERIT Basins” dataset (Lin et al., 2019; Yamazaki et al., 2019) 
was used in the Alaska domain. The tools for creation of NHDPlus 
network attributes such as level path were also used for a complete 
global river network web visualization (Learner, 2023). These data are 
available in Mainstem rivers of the world based on MERIT hydrography and 
natural Earth names (Blodgett, 2022) and could support a global dataset 

Table 4 
Attributes included in initial network used in creation of the reference flow 
network (Blodgett, 2023-1).  

Purpose Attribute names 

Flowpath edge list comid, tocomid 
Flowpath node topology fromnode, tonode, divergence 
Identifiers feature type, level path ID (used as nameid) 
Measures Length (of flowpath), area of catchment area  
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of flow network features as has been done for the continental US. 
Additionally, the idea of a reference flow network could be extended to 
include other kinds of reference features, like coastal zones and 
hydrogeology. 

The specificity of the data models and implementation of this work 
are intentionally limited in scope with an eye on incremental advance-
ment. Divergences and “divergence groups” is a topic that was out of 
scope for this work but inclusion may be required support some appli-
cations. Referred to as “diversion groups” in the report accompanying 
the e2NHDPlus dataset (Brakebill et al., 2020), this concept recognizes 
that some sets of diversions represent a group of diverted paths whose 
flow recombines some distance downstream. These groups of diversions 
result from many physical phenomena but are most commonly found 
where rivers combine in a complex system of low slope channels. In 
contrast to “hydrologic diversions”, where a diversion forms the main-
stem of its own drainage basin, the combination of channels that make up 
a divergence group can be treated as a single flowpath relative to overall 
network connectivity. Representing the distinction between groups of 
divergent paths that recombine and more significant “hydrologic di-
versions” is challenging due to many factors and is an important topic 
for future efforts of this overall body of work. 

A hydrologic flow network, as presented in this report, is a dendritic 
tree represented as a directed acyclic graph. In reality, each element of 
the network is, at some time, a flowing body of water. Representation of 
flowing waterbodies as linestrings as has been presented here is common 
and useful, but not complete by any means. Visually, a line represen-
tation of a river has some nominal width that, depending on map scale, 
represents some real-world waterbody width. The datasets discussed 
here do not include a physically based attribute to tie to this nominal line 
width. Taking this one step further, a given body of water has some 
depth, which could be expressed simply as a “representative depth” or 
more precisely with a collection of cross sections or other physical 
representations. This problem of waterbody integration with flow 
network representation is confounded by large waterbodies that, espe-
cially when flooded, inundate parts of the hydrologic landscape and 
associated flow network. The joint channel (as container) and water-
body (as contained fluid body) concepts presented in HY_Features pro-
vide a framework for this problem. Research into how to separate the 
topo-bathymetric channel and hydrodynamic waterbody representa-
tion may allow necessary integrations of waterbody, in channel, and 
river corridor models. 

5. Conclusions 

The reference flow network is built on NHDPlusV2 (McKay et al., 
2015), an improved version of NHDPlusV1, which itself was based on 
best available inputs and was the product of significant quality control 
(Bondelid et al., 2010). Additional network improvements from the 
e2NHDPlus dataset, (Brakebill et al., 2020), and the NWM hydrofabric 
(National Oceanic and Atmospheric Administration, 2021) were then 
applied in an open-source reproducible workflow. National scope inte-
gration and network manipulation work have successfully used this 
network with as good or better results than previous efforts (Johnson, 
2022). Combined, these advances justify application of the reference flow 
network in local to national scale hydrologic modeling applications. 
However, representation of hydrologic features is imperfect with 
numerous sources of ambiguity and inaccuracy. It is because of this that 
a second, equally critical part of this work is an automated and rigor-
ously tested workflow that generates the attributes based on changes in 
topology (Blodgett and Johnson, 2022). 

It should be expected that, while rare, there will be cases where the 
network connectivity in the reference flow network does not match re-
ality. Some will be instances where the scale at which these data resolve 
features is too coarse, others will be cases where on-the-ground condi-
tions are misrepresented or have changed. Given this, updates should be 
expected when issues are encountered. However, the design of this 
dataset and system surrounding it is intended for this and capable of 
rapidly integrating changes to serve the needs of the hydroscience 
community. 

Software and data availability 

All software and data used in preparation of this report can be found 
at: 

Blodgett, D.L., 2022, Mainstems Workflow: HU12 NHDPlusV2 
NHDPlus HiRes Matching, https://doi.org/10.5066/P9H0PTRH. 

Blodgett, D.L., Johnson, J.M., 2022, nhdplusTools: Tools for 
Accessing and Working with the NHDPlus, https://doi.org/10.5066 
/P97AS8JD. 

Blodgett, D.L., 2023, Updated CONUS river network attributes based 
on the E2NHDPlusV2 and NWMv2.1 networks (ver. 2.0, February 2023): 
U.S. Geological Survey data release, https://doi.org/10.5066/P976 
XCVT. 

Fig. 9. Shows locations where total drainage area is more than 10% different from the NHDPlusV2 (McKay et al., 2015) and the reference flow network (Blodgett 
2023-1). This comparison uses dendritic total drainage area assuming 0 drainage area at the top of any secondary (diverted) flowline. Note that the absence of yellow 
overlay indicates agreement in total drainage area. 
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