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Abstract. Lakes and reservoirs are ubiquitous across global landscapes, functioning as the largest repository
of liquid surface freshwater, hotspots of carbon cycling, and sentinels of climate change. Although typically
considered lentic (hydrologically stationary) environments, lakes are an integral part of global drainage net-
works. Through perennial and intermittent hydrological connections, lakes often interact with each other, and
these connections actively affect water mass, quality, and energy balances in both lacustrine and fluvial systems.
Deciphering how global lakes are hydrologically interconnected (or the so-called “lake drainage topology”) is
not only important for lake change attribution but also increasingly critical for discharge, sediment, and car-
bon modeling. Despite the proliferation of river hydrography data, lakes remain poorly represented in routing
models, partially because there has been no global-scale hydrography dataset tailored to lake drainage basins
and networks. Here, we introduce the global Lake drainage Topology and Catchment database (Lake-TopoCat),
which reveals detailed lake hydrography information with careful consideration of possible multifurcation. Lake-
TopoCat contains the outlet(s) and catchment(s) of each lake; the interconnecting reaches among lakes; and a
wide suite of attributes depicting lake drainage topology such as upstream and downstream relationship, drainage
distance between lakes, and a priori drainage type and connectivity with river networks. Using the HydroLAKES
v1.0 (Messager et al., 2016) global lake mask, Lake-TopoCat identifies ∼ 1.46 million outlets for∼ 1.43 million
lakes larger than 10 ha and delineates 77.5× 106 km2 of lake catchments covering 57 % of the Earth’s landmass
except Antarctica. The global lakes are interconnected by ∼ 3 million reaches, derived from MERIT Hydro
v1.0.1 (Yamazaki et al., 2019), stretching a total distance of ∼ 10× 106 km, of which ∼ 80 % are shorter than
10 km. With such unprecedented lake hydrography details, Lake-TopoCat contributes towards a globally cou-
pled lake–river routing model. It may also facilitate a variety of limnological applications such as attributing
water quality from lake scale to basin scale, tracing inter-lake fish migration due to changing climate, monitor-
ing fluvial–lacustrine connectivity, and improving estimates of terrestrial carbon fluxes. Lake-TopoCat is freely
accessible at https://doi.org/10.5281/zenodo.7916729 (Sikder et al., 2023).
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1 Introduction

Natural lakes, ponds, and human-made reservoirs, hereafter
“lakes”, store the largest amount of liquid freshwater on
Earth’s surface (Oki and Kanae, 2006; Abbott et al., 2019).
Although widely perceived as water stores and lentic sys-
tems, lakes are often connected to each other through river
networks and are inherent components of the global drainage
system (Fergus et al., 2017; Gardner et al., 2019). The water
balance in a lake and its water quality (e.g., turbidity, dis-
solved oxygen, acidity, and temperature) reflect climatic, hy-
drological, geologic, and land use characteristics of the lo-
cal drainage catchment (Yang et al., 2022). The limnologi-
cal properties of one lake also affect others via the transfers
of water mass (e.g., Huziy and Sushama, 2017), sediments,
nutrients (e.g., Stieglitz et al., 2003), and energy along con-
necting rivers. Since lakes sequester a large amount of or-
ganic and inorganic carbon (Tranvik et al., 2009; Mendonça
et al., 2017), deciphering how global lakes are connected
through drainage networks will complement routing models,
which currently emphasize rivers (Leibowitz et al., 2018; Liu
et al., 2022), to better constrain the terrestrial carbon cycling
(Cardille et al., 2007). The drainage paths between lakes, in-
cluding their distances, gradients, connectivity, and climatic
zonation, also determine the migration pattern for lacustrine
species, which is crucial for monitoring ecosystem health
and services under climate change (Woolway et al., 2020).
For these reasons, a hydrography dataset tailored to global
lakes, which provides fine spatial details of the boundary of
each lake catchment and how lakes are topologically inter-
connected, is overdue and has the potential for high hydro-
logical and ecological significance.

In recent years, significant improvements have been
achieved in global lake mapping and inventories. A few
prominent examples are HydroLAKES (v1.0), which inven-
tories 1.4 million lakes larger than 10 ha (Messager et al.,
2016); GLAKES comprising 3.4 million lakes with maxi-
mum surface area larger than 3 ha (Pi et al., 2022); and the
UCLA circa-2000 and circa-2015 Global Lake Inventories
with more than 9 million lake polygons larger than 0.4 ha
(Sheng et al., 2016). These water masks, unfortunately, em-
phasize individual lake entities and provide little to no meta-
data depicting drainage hydrography (such as catchment
boundaries and hydrological connectivity) among the lakes.
The lack of drainage hydrography has restricted application
of these refined lake inventories to watershed-scale processes
and has left lake–river integration a challenging task.

Only a few attempts have been made to integrate global
lakes into drainage networks. In the customized format of
HydroBASINS (Lehner and Grill, 2013), for example, lake
polygons were directly clipped into the river sub-basin poly-
gons, in order to register the lakes to the topological (up-
stream and downstream) coding structure of HydroBASINS.

Nevertheless, since the original sub-basins in HydroBASINS
were generated without consideration of lake presence, there
was no guarantee that the sub-basin pour points are aligned
with the lake inlets or outlets. This inconsistency leads to
cases where a sub-basin polygon contains multiple lakes or
a lake polygon contains the pour point of the most down-
stream intersecting sub-basin. In such cases, the drainage
topology among lakes is incompletely depicted, and the in-
tersecting sub-basins may underrepresent or overshoot the
spatial domains of the lake catchments. Similar issues were
also acknowledged in the Global Lake area, Climate, and
Population dataset (GLCP), where HydroBASINS was also
used to match lakes to the surrounding sub-basins (Meyer
et al., 2020). Han et al. (2020, 2023) developed integrated
lake–river routing products for Canada and North America
using their “BasinMaker” GIS (geographic information sys-
tem) tool, in which they redefine the flow direction to derive
consistent lake–river topological connections.

In HydroLAKES (Messager et al., 2016) and the most re-
cent LakeATLAS dataset (Lehner et al., 2022), the outlet
and the upstream drainage area associated with each lake
were derived from the 15 arcsec HydroSHEDS hydrography
dataset (Lehner et al., 2008). Their methods of lake outlet
delineation, however, excluded the possibility of lake bifur-
cation or multifurcation (i.e., a lake flowing out in two or
more directions), and the 15 arcsec resolution (about 450 m at
the Equator) of HydroSHEDS might be too coarse to derive
reliable catchment boundaries for many small lakes in Hy-
droLAKES (with a minimum size of 10 ha). In addition, lake
catchments in HydroLAKES or LakeATLAS were provided
with only area values not geometric boundaries, meaning
that spatially explicit applications of such catchment infor-
mation remain inconvenient. In fact, despite the proliferation
of river basin datasets (e.g., Lehner and Grill, 2013; Lin et al.,
2021), there has been no global-scale catchment data tailored
specifically for lakes. To our knowledge, only a few regional
lake watershed datasets are available so far, and examples
are the National Hydrography Dataset Plus Version 2 (NHD-
PlusV2) (McKay et al., 2012), the Lake-Catchment (Lake-
Cat) dataset (Hill et al., 2018), and the LAGOS-US LOCUS
dataset (Cheruvelil et al., 2021) for the USA; the COmpre-
hensive Data set for China’s Lake Basins (CODCLAB) for
767 large lakes (> 10 km2) in China (T. Chen et al., 2022);
the lake–river routing product of Canada (Han et al., 2020)
and North America (Han et al., 2023); and several lake catch-
ment datasets for the endorheic Tibetan Plateau (e.g., Liu
et al., 2020, 2021; Yan et al., 2019).

More detailed configurations of lake drainage connectivity
are also limited to regional scales. For the USA, Schmadel
et al. (2018) and Gardner et al. (2019) integrated lakes into
river networks as depicted in the NHDPlusV2. In these stud-
ies, lakes were considered part of the drainage system only if
the lake polygon was directly intersected by river channels.
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While this is reasonable in many cases, hydrological connec-
tivity among lakes can be established through intermittent
channels, ephemeral flow (such as via “fill and spill”), and
subsurface flow (Leibowitz et al., 2016; McDonnell et al.,
2021), which are not always visible or channelized in the
NHDPlusV2 vector networks. Alternatively, multitemporal
spectral images have been applied to better capture the vari-
ability in intermittent connectivity. For instance, Vanderhoof
et al. (2016, 2017) used Landsat images to examine the pat-
terns of wetland connections in relation to wetland arrange-
ments and surface water expansion across the Prairie Pot-
hole region of the USA. Tan et al. (2019) used Landsat and
MODIS imagery to quantify the surface water connectivity to
understand the complex surface water dynamics of Poyang
Lake in China. More recently, Dolan et al. (2021) applied
Landsat-observed sediments in water to understand the vari-
ation in lake-to-channel connectivity and the impact on ice
phenology within the Colville Delta, Alaska. The complete-
ness and consistency of the observed lake–river connectivity
are, however, affected by the image quality and resolution.
This is particularly problematic when channel visibility is
obstructed by riparian canopies. In addition, although higher-
resolution images may improve the mapping of lake–river
connections (e.g., Wu and Lane, 2017), optical images alone
are not yet sufficient to decipher complex drainage topology
among global lakes.

We argue that, while lake–river connectivity may vary
through time, a prerequisite for monitoring such important
dynamics is to sort out the drainage topology (i.e., upstream
and downstream relationships) among global lakes based on
their potential connecting paths. This lake topology, albeit
temporarily static, ensures that all lakes on the continental
surface are registered to the drainage system, and this sys-
tem will serve as a useful a priori network for examining the
temporal variability in surface water connection. This topol-
ogy will also facilitate a more thorough inclusion of lakes
into global hydrological models. For example, Bowling and
Lettenmaier (2010) showed that lakes in the Arctic region
can store up to 80 % of the snowmelt water each year, ul-
timately reducing the spring peak of river flows in that re-
gion. Considering the unique roles of lakes, numerous studies
have incorporated lakes into hydrological and/or hydrody-
namic models to improve the accuracy of simulated stream-
flow (e.g., Han et al., 2020; Lin et al., 2015), water temper-
ature (Tokuda et al., 2021), and regional climate (Huziy and
Sushama, 2017). Lakes can be registered manually into the
routing networks in the case of small areas, where the num-
ber of lakes is manageable (e.g., Lin et al., 2015). On the
other hand, usually only large lakes have been resolved in
continental- or global-scale modeling networks (e.g., Tokuda
et al., 2021), due to the constraints of model and hydrography
data resolutions, computing power, and additional workload.

To address these gaps, we introduce the global Lake
drainage Topology and Catchment database or Lake-
TopoCat. Lake-TopoCat offers an unprecedented detail

of global lake hydrography, including spatially resolved
perimeters of the lake catchments; drainage outlets from
the lakes; perennial, intermittent, and potential drainage
reaches between the lakes; and, importantly, the topolog-
ical relationships among the lake, catchment, and reach
structures. To tackle the above-described challenges, we ap-
plied the MERIT Hydro high-resolution raster hydrography
maps (Yamazaki et al., 2019). Our algorithm also included
a mechanism to capture possible lake bifurcation. This pa-
per describes the initial version of Lake-TopoCat, which
was constructed for nearly all 1.4 million lakes in Hydro-
LAKES v1.0; however, our algorithm is generic and ap-
plicable to other lake masks (see the “Database availabil-
ity and versioning” section). We name the initial version
“HydroLAKES-TopoCat v1.1”, where the first part of the
name (HydroLAKES) indicates the input lake mask, and the
second part of the name (TopoCat v1.1) reflects the ver-
sion of the algorithm and other specifics used to construct
TopoCat, and this naming convention will be followed for
future versioning and updates. For conciseness, we use the
generic name Lake-TopoCat or TopoCat to refer to this ini-
tial version in the remaining text. For user convenience, the
following sections first provide an overview of the compo-
nents, structure, and functionality of Lake-TopoCat (Sect. 2),
before elaborating detailed input data sources and methodol-
ogy (Sect. 3). They are then followed by quality assessment
and technical validation (Sect. 4) and database availability
(Sect. 5). We conclude with a discussion on Lake-TopoCat’s
potential applications and limitations (Sect. 6).

2 Data description and structure

Lake-TopoCat consists of five feature components, each with
multiple attributes depicting lake drainage relationships. The
five features are (1) lake boundaries (polygons), (2) lake
outlets (points), (3) unit catchment boundaries (polygons)
defining the drainage areas between cascading (i.e., imme-
diately upstream and downstream; see definition in Sect. 2.2
and 2.3) lake outlets, (4) inter-lake reaches (lines) defining
the drainage networks that connect the lake outlets to the in-
land sinks or the ocean, and (5) lake-network basins (poly-
gons) that define the entirety of the drainage area containing
each inter-lake network (i.e., a complete basin from the head-
water to an inland sink or the ocean for all basins contain-
ing lakes). An example of the feature components is given
for a focal region (about 6300 km2) in the Canadian Shield
(Fig. 1). The attribute tables for each of the feature compo-
nents are explained in Table 1. Each of the components and
their associated attributes are described in further detail be-
low.

2.1 Lake boundaries

Lake boundaries in TopoCat are geometrically the same as
the HydroLAKES lake polygons, except that the former in-
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Table 1. Attribute definitions in each of the five feature components of TopoCat. Here, dd, m a.s.l., and n/a are abbreviations of decimal de-
grees, meters above sea level, and not applicable, respectively.

Feature Attribute Description Unit

Lakes:
Individual lake polygons
as in HydroLAKES. File
name: Lakes_pfaf_xx, where
“pfaf_xx” indicates the IDs
of the 68 Pfafstetter level-2
basins for data organization
(see Sect. 3.2).

Hylak_id HydroLAKES ID for this lake n/a

Lake_area Lake water surface area km2

Outlet_n Count of outlets of this lake (> 1 indicating multifurcation) n/a

D_hylak_id List of IDs of the next (i.e., directly connected) downstream lakes n/a

D_lake_n Count of the next downstream lakes n/a

D_lak_ntot Count of all downstream lakes to the sink or ocean, excluding this lake n/a

U_lake_n Count of the next upstream lakes n/a

U_lak_ntot Count of all upstream lakes from the headwater, excluding this lake n/a

Cat_a_lake Area of the total upstream catchment(s) (accumulative from the headwater) for this lake; in the case of multi-
furcation, this value aggregates the areas of the upstream catchments for all outlets of this lake

km2

Lake_type Drainage type of this lake in relation to the inter-lake reach network: headwater, flow-through, endorheic (ter-
minal), or coastal

n/a

Lake_order Strahler order of the lake in the inter-lake reach network n/a

Laktyp_mhv Drainage type of this lake in relation to rivers in MERIT Hydro-Vector: isolated, headwater, inflow-headwater,
flow-through, endorheic (terminal), or coastal

n/a

Lperm_glcp Average percentage of the lake area being permanent water, derived from the GLCP dataset; −99.99 indicates
null value

n/a

Basin_id ID of the lake-network basin (see below) this lake belongs to n/a

Outlets:
Outlet or pour points from
each of the lakes. There are
multiple outlets from a multi-
furcation lake. File name:
Outlets_pfaf_xx.

Outlet_id ID of this lake outlet, which is different from Hylak_ID as there can be more than one outlet for a multifurcation
lake

n/a

Hylak_id ID of the associated HydroLAKES lake n/a

Outlet_lat Latitude at this outlet dd

Outlet_lon Longitude at this outlet dd

Outlet_elv Elevation at this outlet (based on hydrologically adjusted MERIT DEM, as for other elevation values) m a.s.l.

D_out_id ID of the next downstream outlet n/a

D_hylak_id ID of the next downstream lake n/a

D_lak_ntot Count of all downstream lakes to the sink or ocean, excluding this lake n/a

D_reach_id ID of the connecting downstream reach n/a

D_slope Hydraulic gradient (slope) from this outlet to the next downstream outlet or sink n/a

D_distance Drainage distance from this outlet to the next downstream outlet or sink m

D_dst_sink Total drainage distance to the sink or ocean m

U_lake_n Count of the next upstream lakes n/a

U_dist_avg Mean distance from the next upstream outlets m

U_dist_min Minimum distance from the next upstream outlets m

U_dist_max Maximum distance from the next upstream outlets m

U_lak_ntot Count of all upstream lakes from the headwater, excluding this lake n/a

Cat_area Area of the associated unit catchment km2

Cat_a_tot Area of the entire upstream drainage basin, i.e., from the headwater to this outlet km2

Out_type Drainage type of this lake outlet in relation to the inter-lake reach network: headwater, flow-through, terminal,
or coastal

n/a

Out_order Strahler order of the outlet in the inter-lake reach network n/a

Basin_id ID of the lake-network basin this outlet belongs to n/a
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Table 1. Continued.

Feature Attribute Description Unit

Unit catchments:
Boundaries of the drainage area
between each lake outlet and
the next upstream outlet(s) or
the drainage area from the
headwater to the outlet if there
are no lakes upstream. File
name: Catchments_pfaf_xx.

Outlet_id ID of the associated outlet, also used as the ID of the unit catchment n/a

Hylak_id ID of the associated lake n/a

D_out_id ID of the next downstream outlet n/a

D_hylak_id ID of the next downstream lake n/a

Cat_area Area of this unit catchment km2

Cat_type Drainage type of this unit catchment in relation to the inter-lake reach network (same as in Outlet_type) n/a

Basin_id ID of the lake-network basin this unit catchment belongs to n/a

Inter-lake reaches:
Drainage networks inter-
connecting the lake outlets to
the next downstream lake out-
lets, inland sinks, or the ocean.
File name: Reaches_pfaf_xx.

Reach_id ID of this inter-lake reach n/a

D_reach_id ID of the next downstream reach n/a

D_out_id ID of the connected downstream outlet n/a

D_hylak_id ID of the connected downstream lake n/a

U_out_id ID of the connected upstream outlet n/a

U_hylak_id ID of the connected upstream lake n/a

U_lak_ntot Count of the total upstream lakes from the headwater n/a

Start_elv Elevation at the starting node of this reach m a.s.l.

End_elv Elevation at the ending node of this reach m a.s.l.

Rch_length Reach geodesic length m

Rch_slope Hydraulic gradient (slope) of this reach n/a

Rchint_mhv Proportion of this inter-lake reach (in % length) overlapped by river channels in MERIT Hydro-Vector, implying
the likelihood of this reach being more perennial or ephemeral

n/a

Rch_order Strahler order of this reach n/a

Basin_id ID of the lake-network basin this reach belongs to n/a

Lake-network basins:
Entire drainage basins from the
headwater to the ocean or in-
land sinks, defined by each
of the inter-lake reach net-
works. Lakes in each lake basin
are topologically related. File
name: Basins_pfaf_xx.

Basin_id ID of the lake-network basin n/a

Basin_type Type of this lake-network basin: endorheic (draining to a terminal lake or an inland sink) or exorheic (draining
to the ocean)

n/a

Basin_area Area of this lake-network basin km2

cludes new attributes informing on lake drainage relations.
About 99.95 % of the ∼ 1.4 million HydroLAKES polygons
were located within or on the MERIT Hydro dataset bound-
ary. These lakes were used to construct TopoCat (Fig. 2a
and b). For consistency, we used the original HydroLAKES
lake IDs (“Hylak_id”) to index lakes and their associated
topological attributes (Table 1). This allows users to link
TopoCat features or attributes to HydroLAKES, as well as to
other databases derived from HydroLAKES, such as GLCP
(Meyer et al., 2020), LakeATLAS (Lehner et al., 2022),
the Global Lake Evaporation Volume (GLEV) dataset (Zhao
et al., 2022), and the GLObal lakes Bathymetry dataset
(GLOBathy) (Khazaei et al., 2022).

The attributes associated with each lake feature include
the counts of the next (i.e., first or directly connected) up-
stream and downstream lakes (“U_lake_n” and “D_lake_n”),
the ID(s) of the next downstream lake(s) (“D_hylak_id”), the
count of all upstream lakes which are connected in a cas-

cade network from the headwater to this lake (“U_lak_ntot”),
and the count of all downstream lakes from this lake to the
drainage sink or ocean (“D_lak_ntot”). To take into account
lake bifurcation or multifurcation, we also report the count
of outlets for each lake (“Outlet_n”; see Sect. 2.2), with val-
ues larger than 1 indicating possible multifurcation (see the
example in Fig. 3). The attributes also include the area of the
entire lake catchment (“Cat_a_lake”), which is defined as the
upstream drainage area from the headwater to the lake (note
this is different from the unit catchment areas; see Sect. 2.2).
For a multifurcation lake, the lake catchment aggregates the
upstream catchments associated with all lake outlets (see
Sect. 2.2 and 2.3). More explanation for each of the attributes
is given in Table 1.

TopoCat also provides the drainage type of each lake
(hereafter lake type) based on the position of the lake in re-
lation to the associated drainage network (Fig. 2a and b).
Following the terminology in lake surface hydrologic posi-
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Figure 1. An example of TopoCat in the Canadian Shield. This example covers an area of ∼ 6300 km2 with ∼ 850 lakes represented.
Displayed features are lake outlets, inter-lake reaches (with width representing the abundance or count of the upstream lakes), lake unit
catchments, and lake boundaries (lake boundaries are the same as HydroLAKES; Messager et al., 2016). All lakes in this region belong to
the same lake-network basin shown in the inset.

tion (Martin and Soranno, 2006; illustrated in Fig. 2a and b),
our considered lake types include (1) headwater if the lake
spatially concurs with the river origin; (2) inflow-headwater
if the lake is fed by a river without any upstream lakes;
(3) flow-through if the lake is located on the pathway of
a river drained from an upstream lake; (4) terminal or en-
dorheic, meaning that the lake is located at an inland sink or
terminal; (5) coastal, indicating the lake is immediately con-
nected to the ocean (such as a lagoon) without any evident
outflow river; and (6) isolated (or seepage) if the lake is dis-
connected from the surficial river network.

We acknowledge that the reliability of the configured lake
type depends on the accuracy and completeness of the global
river networks, and some of the “isolated” lakes may ac-
tually be connected through non-channelized surface runoff
and/or subsurface flow (associated with surficial terrain). In
addition, since lake–river connectivity can be intermittent,
an isolated lake may also be connected back to the net-

work during high-flow conditions. For these reasons, we of-
fer two a priori lake type attributes to allow for more flexibil-
ity (Table 1). The first is “Lake_type”, where lake drainage
types were configured based on the drainage paths connect-
ing the entirety of global lakes (hereafter “inter-lake connect-
ing reaches”), which we delineated from the 3 arcsec MERIT
Hydro hydrography dataset (Sect. 2.4). In other words, the
inter-lake connecting reaches are composed of a set of global
drainage networks, where drainage density is determined by
the observed spatial variability of lake density. Lake_type en-
sures that all global lakes are topologically connected and
eliminates any isolated and inflow-headwater lakes from lake
drainage configuration. The numbers of identified headwater,
flow-through, endorheic, and coastal lakes as Lake_type are
57.3 %, 42.5 %, 0.1 %, and 0.1 % of the total lakes, respec-
tively. The other attribute is “Laktyp_mhv”. Lake types in
the Laktyp_mhv attribute were configured based on MERIT
Hydro-Vector (Lin et al., 2021), a high-resolution global river
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Figure 2. Global lakes and their drainage positions in TopoCat. (a) Lake types (“Lake_type” attribute) configured based on the hydrologic
positions in the inter-lake reaches (see Sect. 2.4) of TopoCat. (b) Lake types (“Laktyp_mhv” attribute) configured based on the hydrologic
position in global perennial and intermittent rivers provided in MERIT Hydro-Vector (Lin et al., 2021). Pie charts in both figures show the
global lake area composition by drainage type. Here, lake boundaries are the same as HydroLAKES (Messager et al., 2016).

network dataset which accounts for variable drainage den-
sity across the land surface (see Sect. 3.1.2 for more details).
This attribute represents how global lakes are related to the
perennial and intermittent rivers. About 4.5 % of the global
lakes are categorized as isolated, meaning that they are dis-
connected from any rivers in MERIT Hydro-Vector (Fig. 2b).
The drainage types for the other lakes are the same as those
in attribute Lake_type. The numbers of identified isolated,

headwater, inflow-headwater, flow-through, endorheic, and
coastal lakes as Laktyp_mhv are 31.5 %, 15.0 %, 20.8 %,
32.5 %, 0.1 %, and 0.1 % of the total lakes, respectively.

The pie chart in Fig. 2a shows the global lake area
composition according to the lake drainage types based on
the Lake_type attribute. Here, flow-through lakes cover the
largest proportion of the global lake surface area (∼ 67.1 %),
although only∼ 42.5 % of the global lakes were identified as
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Figure 3. An example of a multifurcation lake (Horsetooth Reservoir in Colorado, USA) with four verified drainage outlets (lake boundaries
are the same as HydroLAKES; Messager et al., 2016, and map background from Esri, Maxar, Earthstar Geographics, and the GIS User
Community).

flow-through. Usually, flow-through lakes are larger in size
than any of the upstream types (i.e., isolated, headwater, and
inflow-headwater). Therefore, covering the largest lake sur-
face area with relatively low frequency was expected. Simi-
larly, the pie chart in Fig. 2b shows the global lake area com-
position according to the lake drainage types based on Lak-
typ_mhv. Considering that isolated lakes have the potential to
be connected to the other lakes, 15.5 % of the isolated, 16.3 %
of the headwater, and 12.7 % of the inflow-headwater lakes

from Laktyp_mhv become flow-through lakes in Lake_type,
leading to a 30.7 % increase in the flow-through lake fre-
quency. The dominant proportion for flow-through lakes fur-
ther accentuates the intrinsic roles of lakes in the global
drainage system and the necessity of building this global-
scale lake topology dataset. Endorheic or terminal lakes
also cover a significant proportion of the global lake area
(∼ 21 %), mainly due to large terminal saline lakes such as
the Caspian Sea, the Great Salt Lake, and Lake Balkhash,
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as well as the cluster of terminal lakes across the endorheic
Tibetan Plateau (Fig. 2a and b).

As many lakes are highly dynamic in inundation extent
and level, so are their drainage topology and connectivity.
While our drainage relations were based on the static Hydro-
LAKES lake mask and should be treated as a priori topol-
ogy, we provide another attribute, “Lperm_glcp”, to indicate
the seasonal or intra-annual stability of water area in each
lake, thus implying how the drainage relationship is subject
to change. Lperm_glcp quantifies the average percentage of
the lake area being permanently inundated, calculated us-
ing 6-year (2010–2015) statistics from the GLCP database
(Meyer et al., 2020). A higher value of Lperm_glcp indicates
that this lake is more stable or permanent, whereas a lower
value indicates that the lake is more seasonal, unstable, or
intermittent.

2.2 Lake outlets

The outlet features, in principle, represent the locations of
the maximum flow accumulation pouring from each lake to
each of its next downstream lakes or drainage sink. If a lake
is terminal, the outlet refers to the drainage sink. Although
the majority of lakes have one outlet only, lake bifurcation
or even multifurcation does exist in both natural lakes and
artificial reservoirs (see the example in Fig. 3). To provide
a more realistic representation of global lake topology, we
leveraged the detailed lake boundaries in HydroLAKES and
the high-accuracy hydrography information in MERIT Hy-
dro (see Sect. 3.1.2) to allow for possible multifurcation. The
method is elaborated on in Sect. 3.2. However, it is impor-
tant to note that only water body maps were used to develop
the MERIT Hydro, without considering lake masks as an
input. Therefore, in many lakes, flow directions within the
lake might be influenced by adjacent topography and caus-
ing multiple outlets. Since multifurcation was considered, the
count of outlets in TopoCat is larger than the count of lakes.
We identified 1 459 201 outlets for 1 426 967 lakes, where
29 190 lakes (∼ 2 % of the global lakes) drain to multiple
destinations (Fig. 4).

The outlet attributes contain the topology information de-
tailing how the outlets, lakes, and catchments are hydrolog-
ically connected to each other. They include the unique ID
of the outlet (“Outlet_id”); the associated HydroLAKES
lake ID (“Hylak_id”); and the drainage relationship with
other outlets and lakes, such as the IDs of the next down-
stream outlets (“D_out_id”), the IDs of the next downstream
lakes (“D_hylak_id”), and the count of the next upstream
lakes (“U_lake_n”).

The attributes also contain the area of the unit catchment
associated with each outlet (“Cat_area”). Here a unit catch-
ment (also see Sect. 2.3) is defined as the drainage area be-
tween any two cascading outlets (i.e., from an outlet to its
next upstream outlet) or the drainage area from the head-
water to this outlet if there is no lake upstream. In addi-

tion, we also report the area of the entire upstream catch-
ment (“Cat_a_tot”), defined as the drainage area from the
headwater to this outlet, the count of lakes within the entire
upstream catchment (“U_lak_ntot”), and the count of lakes
within the entire downstream catchment to the inland sink or
ocean (“D_lake_ntot”).

Similar to lake types, the type of each lake outlet (“Out-
let_type”) was assigned based on the drainage position in
our delineated inter-lake reach network (Fig. 4). For lakes
with only one outlet, the outlet type equals the correspond-
ing lake type (Lake_type). For multifurcation lakes with dis-
agreeing outlet types, the outlet type associated with the
most downstream position took precedence in representing
the lake type. For instance, a multi-outlet lake might have a
headwater outlet and a flow-through outlet at the same time,
which are flowing in two different directions. Here, the flow-
through outlet has at least one upstream lake, and the head-
water outlet has no upstream lake. This mainly occurs due to
the limitation of the D8 flow-direction, which cannot depict
flow-bifurcation. In this case, the lake was treated to be on
the drainage pathway and thus assigned to be a flow-through
lake.

We also provided useful proximity information that mea-
sures how global lakes are close to one another in terms of
drainage distance, i.e., the geodesic distance along our delin-
eated inter-lake reaches (Sect. 2.4). These attributes include
“D_distance”, defining the drainage distance from each lake
outlet to the next downstream outlet; “D_dist_sink”, measur-
ing the cumulative drainage distance from the lake outlet to
the inland sink or the ocean; and the maximum, minimum,
and mean drainage distances to the next upstream outlets
(“U_dist_max”, “U_dist_min”, “U_dist_avg”).

2.3 Unit catchments

The unit catchment features depict the spatial boundaries of
unit catchments (see definition in Sect. 2.2) associated with
each of the lake outlets. Note that unit catchments are not
based on a one lake to one catchment relationship but are
based on a one outlet to one catchment relationship. This
was to ensure that the catchment boundaries were given at
a spatial detail consistent with the lake outlets or drainage
destinations. This way, the count of unit catchments is equal
to the count of lake outlets, and bifurcation or multifurcation
lakes have multiple unit catchments.

Attributes of each unit catchment include the ID of the as-
sociated outlet (“Outlet_id”); the ID of the associated lake
(“Hylak_id”); the IDs of the next downstream outlet and
lake, respectively (“D_out_id” and “D_hylak_id”); and the
area of this unit catchment (“Cat_area”). We also reported
the drainage type of each unit catchment in relation to the
inter-lake reach network (“Cat_type”), which is identical to
the drainage type of the associated outlet (Outlet_type). The
pie chart in Fig. 5 summarizes the composition of global
lake unit catchment areas in terms of their drainage types,
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Figure 4. Global map of lake outlets and drainage types in TopoCat. Outlet types are based on drainage positions in the inter-lake reach
network. The schematic diagram shows the outlet type definitions. The pie chart shows the frequencies of different types of outlets.

Figure 5. Global map of lake unit catchments in TopoCat. The catchment boundaries define the drainage areas between cascading lake
outlets (i.e., one catchment for each lake outlet), and when there is no lake further upstream, the catchment defines the drainage area from
the headwater to the lake outlet. The pie chart shows the composition of global lake catchment area by outlet drainage type.

where flow-through catchments cover the largest proportion
(∼ 79 %) in area, followed by headwater catchments and ter-
minal catchments. It is important to note that a terminal unit
catchment is not always equivalent to an endorheic basin.
The former refers to the unit catchment of a terminal lake,
which is the drainage area between the sink and the next up-

stream lake(s), whereas the latter refers to the entire land-
locked drainage basin from the headwater to the sink (i.e., the
cases where “Basin_type”= “endorheic” in “Lake-network
basins” features).

It is worth noting that although the unit catchments were
offered at the outlet level, when needed, users can easily dis-
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solve (i.e., aggregate) them based on their lake IDs (“Hy-
lak_ID”) to form the local catchment boundaries for each
lake (i.e., the drainage area from the upstream lake(s), if
any, to this lake). In total, the delineated unit catchments
in TopoCat cover about 77.5× 106 km2, which is about
26.4 times that of the total lake area and about 57 % of the
Earth’s land mass excluding Antarctica (Fig. 5).

2.4 Inter-lake reaches

The inter-lake reach features contain a set of detailed reach
networks that tie any lake in the world to its upstream and
downstream lakes (if any) through the outlets. Together with
the topology attributes (Table 1), each inter-lake reach net-
work depicts how the lakes in the headwater drain to other
lakes downstream in a cascade pattern, which eventually
reaches a drainage terminus, i.e., an inland sink or the ocean.
Because these networks are determined by lake distribution,
their drainage density varies with lake density across the
continental surface. Such inter-lake networks can be differ-
ent from other river datasets such as MERIT Hydro-Vector,
which were not tailored for lake-determined drainage den-
sity. More specifically, each reach in an inter-lake network
starts from the outlet of one lake and ends with the outlet
of the next downstream lake, but along the way, the reach
is often segmented further by the confluences with tributary
reaches from other lakes. If a lake is not coastal or endorheic
and does not have a downstream lake, we kept the outflow-
ing reach from this lake all the way to the ocean or inland
sink. In other words, a reach network always stretches from
the most upstream lakes to the drainage terminus even when
there is no terminal lake. About 3 million inter-lake reaches
were generated among the 1.46 million outlets (Fig. 6). The
total length of these reaches is about 10× 106 km.

Main attributes of each reach include the unique reach ID
(“Reach_id”); the IDs of the connected upstream outlet and
lake, respectively (“U_out_id” and “U_hylak_id”); the count
of all upstream lakes from the headwater (“U_lak_ntot”);
the ID of the next downstream reach (“D_reach_id”); the
IDs of the connected downstream outlet and lake, respec-
tively (“D_out_id” and “D_hylak_id”); the geodesic distance
and slope of the reach (“Rch_length” and “Rch_slope”); and
the Strahler stream order (Strahler, 1957) of the reach based
on the inter-lake network (“Rch_order”). Figure 6 shows
the global distribution of our delineated inter-lake reach
networks, where different colors illustrate the total abun-
dance (count) of lakes upstream of each reach (as in the
attribute “U_lak_ntot”). For example, the abundance of up-
stream lakes per reach in some of the most lake-rich regions,
such as the Canadian Shield and Scandinavia, can be several
orders of magnitude higher than the rest of the world.

As previously noted, the inter-lake reach networks aim
to define the potential drainage paths connecting global
lakes and reservoirs. These reaches are not always peren-
nial or intermittent rivers but can be highly temporally dy-

namic, non-perennial, and non-channelized. Similar to the
lake type assignment, we here give a rough inference of
the type of each reach based on its relationship with the
river channels in MERIT Hydro-Vector. We reported the
proportion of each inter-lake reach (“Rchint_mhv”) over-
lapped by river channels in MERIT Hydro-Vector. The over-
lapping proportion indicates “probably river” if an inter-
lake reach is completely contained by the river network in
MERIT Hydro-Vector (i.e., “Rchint_mhv”= 100 %), “par-
tially river” if the inter-lake reach partially overlaps MERIT
Hydro-Vector (i.e., “Rchint_mhv” <100 % and > 0 %), and
“other drainage path” if the inter-lake reach is beyond the
spatial extent of the river network in MERIT Hydro-Vector
(i.e., “Rchint_mhv”= 0 %).

2.5 Lake-network basins

For user convenience, we provided another feature file:
“Lake-network basins”. Each lake-network basin, in princi-
ple, defines the entire drainage area of an inter-lake reach net-
work, which stretches from the headwater to an inland sink
or the ocean. Nevertheless, our inter-lake reaches were con-
structed based on lake outlets (refer back to Sect. 2.4). If a
multifurcation lake infringes more than one reach network
that drains to different termini, these networks were consid-
ered related to each other through this shared lake, and their
drainage areas were merged into one lake-network basin.

This logic resulted in 47 340 lake-network basins in the
world as shown in Fig. 7. Among them, endorheic basins (as
indicated by the “Basin_type” attribute) account for 5.1 %
by count and 18 % by area of all lake-network basins. These
endorheic basins cover ∼ 15.4 % of global surface excluding
Antarctica. This proportion is smaller than the conventional
size of endorheic basins, which is about a fifth of the global
landmass excluding Antarctica (Wang et al., 2018; Wang,
2020). This is because a lake-network basin delineated here
must contain at least one lake, and some of the conventional
endorheic basins, such as with extreme aridity in the Sahara,
the Arabian Desert, and the Gobi Desert, are arheic and have
no lake presence (according to HydroLAKES), which led
to their exclusion from our delineated lake-network basins.
But, overall, the spatial pattern of the lake-network basins is
consistent with the river basins, signifying again that lakes
are an integrated component of the global river system. Im-
portantly, these lake-network basins define how the millions
of global lakes are partitioned by their drainage dependence,
which can potentially help users gauge or optimize parallel
processing (e.g., for global lake modeling and coupled lake–
river modeling). For this reason, we also assigned the ID of
the affiliated lake-network basin (“Basin_id”) to each of the
other TopoCat features.
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Figure 6. Global map of inter-lake reaches in TopoCat. Reach colors illustrate the accumulative lake abundance (count) upstream from each
inter-lake reach. Land background is displayed in black to enhance the visual transition from lower to higher upstream lake abundance (akin
to increasing stream order). The histogram on the lower-left corner shows the frequency of upstream lake abundance.

Figure 7. Global map of lake-network basins in TopoCat. A lake-network basin is defined as the entire drainage area from the headwater to
the ocean or the inland sink, which contains a hydrologically independent inter-lake network. Gray indicates basins having no lake presence.
The pie chart illustrates the composition of global lake basin areas by their drainage type (endorheic and exorheic).
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3 Methods

3.1 Input data sources

The presented initial version of Lake-TopoCat was devel-
oped based on HydroLAKES v1.0 (Messager et al., 2016)
primarily using the 3 arcsec MERIT Hydro (v1.0.1) hydrog-
raphy dataset (Yamazaki et al., 2019). Other auxiliary data
sources include the annual permanent and total lake areas
from GLCP (Meyer et al., 2020) to calculate the average per-
manent water proportion in each lake and the river flowlines
in MERIT Hydro-Vector (Lin et al., 2021) to assist in lake
and reach type configurations. More details of each of the
input datasets are given below.

3.1.1 Lake mask and water extent

Constructing global lake topology requires two essential
types of data: a global lake inventory with detailed lake
boundaries and a DEM (or hydrography) dataset depicting
accurate drainage directions. For the former, we selected the
widely used HydroLAKES, which contains about 1.4 mil-
lion lake polygons larger than 10 ha (0.1 km2) compiled from
various digital and remote sensing products (Messager et al.,
2016). HydroLAKES is, to our knowledge, one of the most
comprehensive global-scale lake and reservoir inventories
publicly available. Associated with each lake boundary, Hy-
droLAKES also provides the outlet point and a number of
attributes such as lake mean depth, lake volume, and catch-
ment area. The lake outlet points and catchment areas in Hy-
droLAKES were derived from the 15 arcsec (∼ 500 m at the
Equator) HydroSHEDS database (Lehner et al., 2008) with-
out consideration of bifurcation, and they were later used
for comparison with the outlets and lake catchment areas in
TopoCat (see Sect. 4.2 for details).

In addition to the lake mask, we used the annual water area
statistics reported in the GLCP dataset (Meyer et al., 2020)
to calculate the average percentage of the total lake area be-
ing permanently inundated for each HydroLAKES polygon.
GLCP harmonized HydroLAKES, HydroBASINS, and sev-
eral climate and socioeconomic datasets to provide a number
of attributes such as annual average precipitation, tempera-
ture, and water extent for each water body in HydroLAKES.
For example, Meyer et al. (2020) obtained the annual wa-
ter extents of each lake from 1995 to 2015 from the Joint
Research Centre (JRC) Global Surface Water (GSW) dataset
(Pekel et al., 2016). They also reported the annual perma-
nent and seasonal water areas per lake with the assistance of
the JRC-GSW dataset. However, GLCP was unable to dis-
tinguish between ice and snow due to the limitation of the
water identification algorithm of Pekel et al. (2016). There-
fore, the permanently and seasonally frozen lake areas were
assigned as “no water” and “entirely seasonal water” areas,
respectively.

3.1.2 Hydrography

We considered two global hydrography datasets for build-
ing lake drainage topology: HydroSHEDS (Lehner et al.,
2008) and MERIT Hydro (Yamazaki et al., 2019). The
HydroSHEDS hydrography database is available at three
different resolutions. Limited by the spatial coverage of
SRTM DEM (Farr et al., 2007), the highest-resolution Hy-
droSHEDS v1.1 at 3 arcsec (∼ 90 m at the Equator) is miss-
ing the landmass north to 60◦ N, where 50.5 % of the global
lakes (by count) are distributed. Although the 15 arcsec ver-
sion covers the pan-Arctic region above 60◦ N, the accuracy
of the hydrography is significantly inferior due to a poorer
quality of the underlying HYDRO1k DEM (EROS Center,
2018). On the other hand, MERIT Hydro v1.0.1 was de-
veloped consistently based on the 3 arcsec, high-accuracy
MERIT DEM (Yamazaki et al., 2017) with a complete cov-
erage of the global landmass (excluding Antarctica). Com-
pared with SRTM DEM, MERIT DEM eliminated major er-
ror components including absolute bias, stripe noise, speckle
noise, and tree canopy height, which often distort surface
drainage directions and fragment drainage paths. The pro-
duction of MERIT Hydro also employed a “stream-burning”
technique on MERIT DEM. This technique applied multi-
source waterbody datasets to derive flow directions that were
more realistically aligned with the observed drainage net-
works. Small dummy depressions were then removed by
an inland basin detection algorithm to further smooth the
drainage continuity. For these reasons, we selected MERIT
Hydro to configure lake outlets, catchments, and intercon-
necting drainage paths. As one of the supplementary lay-
ers, MERIT Hydro also produced a hydrologically adjusted
DEM, where elevations were ensured to comply with the
condition that the downstream elevation should not be higher
than the upstream elevation. This hydrologically adjusted
DEM was used to calculate the drainage gradient (slope) of
each inter-lake reach.

Furthermore, we used the vector-based global river net-
work dataset, MERIT Hydro-Vector (Lin et al., 2021), to as-
sign the type of each lake based on its drainage position in the
network (attribute “Laktyp_mhv”). In this dataset, the spatial
variability of drainage density was considered when the net-
works were delineated from the original MERIT Hydro. A
machine learning technique was employed to optimize the
drainage density per watershed (with a flexible channeliza-
tion threshold down to 1 km2) in relationship with various
hydroclimate factors. About 58 million river reaches were
delineated, with a total length of ∼ 75× 106 km. It is impor-
tant to note that the point of MERIT Hydro-Vector was not to
simply vectorize MERIT Hydro to the finest spatial detail (as
something done by Hydrography90m; Amatulli et al., 2022)
but to simulate spatially variable river networks so that the
vectorized channels resemble the actual densities of peren-
nial and/or intermittent rivers in the world. Although the tem-
poral dynamics of channel heads due to climate variability
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were not accounted for, and the resolvable headwater sizes
are constrained by the spatial resolution of MERIT DEM,
we considered the flowlines in MERIT Hydro-Vector as one
of the best available global representations of perennial and
intermittent river networks.

3.2 Dataset development and algorithm

The TopoCat constructing algorithm is illustrated by the
schematic diagram in Fig. 8. In brief, the algorithm started
with an iterative process that used MERIT Hydro’s flow ac-
cumulation layer to identify all possible outlets for each Hy-
droLAKES lake (i.e., pour points to all possible outbound
directions from this lake) and each of their associated unit
catchments. The connecting reaches among the lake outlets
were then delineated using the flow direction layer. The ma-
jority of attributes for lake outlets, unit catchments, and inter-
lake reaches (Table 1) were then generated using the hydrog-
raphy, hydrologically adjusted DEM, and the spatial rela-
tionships among the delineated features. This resulted in the
“preliminary TopoCat” database, which consists of the fea-
ture geometries and topological attributes in the finest spatial
detail possible, based on all identified lake outlets. For user
convenience, we also release the preliminary TopoCat (with
the affix “_prelim” in the file names) together with the final
cleaned-up version (as explained in Sect. 2). The definitions
of attributes are consistent in both versions (Table 1).

Next, the preliminary TopoCat was simplified based on the
principle of “one outlet per drainage destination (i.e., down-
stream lake) per lake”, which formed the final cleaned-up
version of TopoCat. Conceptually, if a lake has multiple pre-
liminary outlets draining to the same lake, a representative
outlet was selected to be the one with the maximum flow
accumulation. Accordingly, all preliminary catchments of a
lake that drain to the same destination were dissolved to
one final unit catchment, and the subset of the preliminary
reaches connecting the representative lake outlets were ex-
tracted as the final reaches. The existing attributes were then
recalculated according to the updated network. The lake-
network basins were delineated using the terminal points of
all the available inter-lake reach networks. In the last step, a
few additional lake outlet attributes were populated and as-
signed to the associated lake polygons, and MERIT Hydro-
Vector was used to determine lake types (“Laktyp_mhv”) ac-
cording to their hydrological position in the river networks.

To enable parallel processing, we partitioned the MERIT
Hydro dataset into multiple Pfafstetter level-2 basins. A total
number of 61 Pfafstetter level-2 basins were obtained from
HydroBASINS (Lehner and Grill, 2013), which were orig-
inally generated from the HydroSHEDS hydrography data
(Lehner et al., 2008). Lin et al. (2021) redefined these level-
2 basin boundaries to make them compatible with MERIT
Hydro. This preprocessing, however, only considered water-
sheds larger than 25 km2, so we further updated the 61 level-2
basins by annexing any smaller watersheds to the nearest ma-

jor watershed. In addition, a number of islands and archipela-
gos scattered across the Pacific, Atlantic, and Indian oceans
were covered by MERIT Hydro but excluded from the level-
2 basins. We carefully grouped these islands in such a way
that the area of the rectangular box that covers each group
is not larger than the largest extent of the original 61 level-2
basins. This approach creates another seven clusters, form-
ing a total of 68 Pfafstetter level-2 basins or subdivisions
in the world (Fig. 9). These 68 regions cover all pixels in
MERIT Hydro and were used to define the subset domains
of our TopoCat product. For user convenience, we provided
the polygon boundaries of these 68 Pfafstetter regions in the
file named “Pfaf2_regions”.

The abovementioned algorithm was implemented in six
specific steps. All steps were automated by Python scripts
with the ArcPy geoprocessing package, except step 4 which
required manual quality control for the identified terminal
outlets (see Sect. 3.2.4). This manual quality control took
approximately 25–30 h by an expert, and much of it was a
one-time process that will require no replication even if the
input lake mask is updated. We describe each of the steps in
the sections below.

3.2.1 Delineating preliminary lake outlets and unit
catchments

Although HydroLAKES provides lake outlet points derived
from the 15 arcsec HydroSHEDS data, we regenerated the
lake outlets using the higher-resolution (3 arcsec) MERIT
Hydro dataset. Different from the outlets available in Hy-
droLAKES, we were not constrained by the “one outlet for
one lake” assumption in order to capture possible lake mul-
tifurcation. However, we had to assume that multifurcation
can only occur at the lake level not the outlet level, be-
cause pixel-based bifurcation was not assumed in MERIT
Hydro. Typically, the outlet location of a lake can be identi-
fied by intersecting the lake shoreline with the flow direction
layer and then locating the intersecting cell(s) flowing out-
ward from the lake (Tokuda et al., 2021). However, there is
no guarantee that the lake outlets always fall exactly at the
shoreline cells. An example is an endorheic lake, where the
drainage outlet (the sink in this case) is located inside the
lake boundary. Other examples are some of the lagoon poly-
gons in HydroLAKES, which can overshoot the terrestrial
boundary of MERIT Hydro due to resolution or precision in-
consistency between the lake and hydrography datasets. To
address these issues, we adopted a flow-accumulation-based
approach, which identified the lake outlet as the location of
maximal flow accumulation within the lake boundary.

The flow-accumulation-based approach was employed it-
eratively until all possible outlets for each lake were iden-
tified. As illustrated in Fig. 10a, the cell where flow accu-
mulation is the maximum within the lake boundary was first
identified as the primary outlet, and the unit catchment as-
sociated with the primary outlet (hereafter “primary catch-
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Figure 8. Schematic diagram of the algorithm used to construct TopoCat. Rounded corner rectangles, rectangles, and oval shapes represent
input data, intermediate products, and final TopoCat products, respectively.

Figure 9. A total of 68 partitioning regions (Pfafstetter level-2 basins) in the world for TopoCat production and subset organization.

ment”) was delineated using flow direction. Logically speak-
ing, the drainage basin of a lake should completely contain
the lake boundary. If the primary catchment covers only part
of the lake polygon, we assumed that possible multifurcation
may occur for this lake. In this case, the second iteration was
triggered to identify the next maximum flow outlet (i.e., the
secondary outlet) from the lake cells outside of the primary
catchment, and the unit catchment associated with the sec-
ondary outlet was delineated (Fig. 10b). The iteration was
repeated until the entire lake area was covered by its unit
catchment(s). The iteration sequence, which corresponds to
a descending order of the outlet flow accumulation, was as-

signed to each outlet to keep track of the multiple outlets
of the same lake. Locations of all possible lake outlets and
their associated unit catchments were delineated through this
iterative approach. Each outlet and the associated unit catch-
ment were labeled with the same unique outlet ID and asso-
ciated lake ID. We termed them as “preliminary outlets and
unit catchments” to make a distinction from the representa-
tive outlets and their associated unit catchments in our final
lake topology (see Sect. 3.2.3).

Despite topological redundancy, there are multiple ben-
efits to retrieving all preliminary outlets using the above-
described iterative process. First, this process was a neces-
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Figure 10. Schematics of the iterative process for outlet and catchment delineations (a–c) and the improvement in lake connectivity and
catchment completeness due to this iterative process (d, e). Lakes are shown as striped polygons, lake unit catchments as color-filled polygons,
lake outlets as red dots, and inter-lake reaches as blue lines. (a) Delineated primary lake outlets (i.e., no iteration) with their associated unit
catchments and connecting reaches are shown. Note that lake 1 and lake 2 are not contained by their unit catchments. (b) Delineated multiple
preliminary outlets and their associated unit catchments through the iterative process are shown. (c) The final selected outlets with their
dissolved unit catchments and connecting reaches are shown (described in Sect. 3.2.3). Lake 1 and lake 2 are now contained by their own
unit catchments. (d) Lake topology and unit catchments generated by the non-iterative process are shown. Lake 3 drains to lake 6 without
intersecting the outlet of lake 5, and the unit catchment of lake 5 appears incomplete. (e) Lake topology and unit catchments delineated by
the iterative process, with improved inter-lake drainage connectivity and unit catchment completeness. Here, both outlets of lake 5 have been
maintained in the final TopoCat dataset to conserve the topological connectivity between lakes 3, 5, and 6. Here, lake boundaries are the
same as HydroLAKES (Messager et al., 2016).

sary preparation for capturing lake multifurcation (see the ex-
ample in Fig. 3). Second, identifying all lake outlets ensured
a proper portrayal of the complete lake catchment (Fig. 10b
and c). Third, it also ensured that the lake drainage topology
was consistently configured. In the example of Fig. 10e, both
lake 3 and lake 4 first drain to lake 5 which then drains to
lake 6. Without the iteration, the secondary outlet of lake 5
connecting lake 3 and lake 6 would have been missing, mean-
ing that in the configured topology the directly connected
downstream lake from lake 3 would have been misidentified
as lake 6.

3.2.2 Building preliminary lake topology and inter-lake
reaches

Lake topology defines how different lakes are hydrologically
connected to each other. In this step, such topological infor-

mation, together with the inter-lake reach networks, was es-
tablished using the preliminary lake outlets and MERIT Hy-
dro. Given each preliminary outlet, the next downstream out-
let was traced by routing from this outlet pixel based on the
MERIT Hydro flow directions. The identified downstream
outlet ID and its corresponding lake ID (“D_out_id” and
“D_hylak_id”) were saved in the attributes of both prelim-
inary outlet and catchment features.

During this routing process, the drainage path connecting
the preliminary outlets was delineated pixel by pixel until the
path reached an inland sink or the ocean. The traced paths
were converted into vector format to create an inter-lake
reach network, where individual reaches were segmented by
lake outlets, drainage termini (sinks or the ocean), and the
confluences of the reaches (Fig. 10b). For each reach, the
next downstream reach ID (“D_reach_id”) was also con-
figured to depict the drainage topology of this inter-lake
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reach network. Several other attributes of the reaches, such
as the next upstream outlet ID (“U_out_id”), the next down-
stream outlet ID (“D_out_id”), and their associated lake IDs
(“U_hylak_id” and “D_hylak_id”), were obtained through
spatial relationships with the outlet features. The elevations
of the start and end nodes (“Start_elv” and “End_elv”),
as well as the geodesic length and slope of each reach
(“Rch_length” and “Rch_slope”), were derived from the hy-
drologically adjusted MERIT DEM.

A few more attributes of the preliminary lake outlets and
unit catchments were populated from their feature geome-
tries and the attributes of the inter-lake reaches. The area of
each unit catchment (“Cat_area”) was calculated and then
linked to the associated lake outlet through the common out-
let ID (“Outlet_id”). The accumulative total catchment area
from the headwater to each outlet (“Cat_a_tot”) was aggre-
gated from the areas of individual unit catchments upstream
from this outlet based on the configured outlet topology. The
drainage distance and the slope to the next downstream outlet
or sink (“D_distance” and “D_slope”) were calculated using
the topology and attributes of the inter-lake reaches.

3.2.3 Simplifying drainage topology and assigning outlet
drainage types

In this step, redundancy in the preliminary topology was re-
duced to only retain the unique drainage destinations from
each lake. Specifically, all preliminary outlets of a lake were
first grouped based on their next downstream lake IDs. A lake
possessing multiple outlet groups, i.e., different downstream
lakes, indicate possible multifurcation. Within each group,
the outlet having the highest flow accumulation value was se-
lected as the final representative outlet for this drainage des-
tination (Fig. 10c). If multiple outlets within a group have
the same highest flow accumulation value, the outlet with
the shortest drainage distance to the next downstream lake
was selected. If this still did not lead to a single solution,
an outlet in the abovementioned scenario was randomly se-
lected. Limited by the input data quality, there are occasional
cases where part of a lake drains back to itself through an-
other lake (or several other lakes), forming a pseudo drainage
loop. Such drainage loops and the associated outlets were
considered artifacts and thus automatically removed if re-
moval of such loops did not hamper the connectivity with
other lakes. A few of the attributes of this final outlet, such
as the downstream outlet ID (“Outlet_id”), drainage dis-
tance, and slope to the downstream outlet (“D_distance” and
“D_slope”), were reconfigured to reflect this simplification
process.

Similar to the preliminary outlets, the preliminary unit
catchments of a lake were also grouped by their unique
drainage destinations. Each group of preliminary catchments
was dissolved to a single unit catchment (Fig. 10c), and
the attributes of this dissolved unit catchment, such as the
outlet ID (“Outlet_id”) and the next downstream outlet ID

(“D_out_id”), were updated according to the attribute in-
formation of the associated final outlet (which shares the
same drainage destination). The area of the dissolved unit
catchment (“Cat_area”) was calculated, and together with
the drainage topology, it was then used to update the catch-
ment attributes (“Cat_area” and “Cat_a_tot”) in the final out-
let layer. Eventually, the subset of the preliminary reaches
that connect the final lake outlets was extracted to represent
the final inter-lake connecting reaches (Fig. 10c).

A few additional attributes were added to the preliminary
and final lake outlets with assistance of the existing outlet
attributes. Given each outlet, its next upstream lakes were
queried based on the values of “D_out_id” of other outlets,
and the count of the next upstream lakes was written to the
attribute “U_lake_n”. The minimum, maximum, and average
drainage distances from these upstream lakes (“U_dist_min”,
“U_dist_max”, and “U_dist_avg”) were updated using the
downstream drainage distance attribute (“D_distance”) of
the directly connected upstream outlets. The total count of
upstream lakes in the entire upstream catchment from the
headwater (“U_lak_ntot”) and the total count of downstream
lakes to the sink or ocean (“D_lak_ntot”) were also calcu-
lated using the existing outlet topology. The total drainage
distance from the outlet to the sink or ocean (“D_dist_sink”)
was calculated by propagating the drainage distances of
each of the downstream reaches (“Rch_length”). Meanwhile,
the accumulative lake abundance upstream from each reach
(“U_lak_ntot”) was also calculated using the topological at-
tributes and assigned to the preliminary and final inter-lake
reaches (Fig. 6).

The drainage type for each preliminary and final outlet
(Outlet_type) was next configured based on its hydrolog-
ical position in the affiliated inter-lake reach network. As
explained in Sect. 2.1 and Fig. 4, the use of the inter-lake
network eliminated the “isolated” and “inflow-headwater”
types, leading to a total of four drainage types for this out-
let attribute. The outlet was assigned to “endorheic” if it co-
incided with an inland sink and to “coastal” if it touched
the MERIT Hydro coastal line. The outlet was assigned to
“headwater” if there was no upstream lake but had a down-
stream reach. All the other outlets were assigned to “flow-
through”, where they had both upstream lakes and down-
stream reaches. The spatial distributions of the final outlet
types and the composition of their corresponding unit catch-
ment areas are shown in Figs. 4 and 5, respectively. As illus-
trated, flow-through lake outlets account for 42 % of the total
outlets in number and were drained from nearly 80 % of the
global lake catchment area.

Due to incomplete digitization, ice cover, and/or seasonal
variation, some of the endorheic lakes in HydroLAKES ex-
hibit partial or fragmented water extents. As illustrated by
the example in Fig. 11a, many of these incomplete en-
dorheic lake polygons do not contain their associated MERIT
drainage sinks. As a result, the outlet derived from the max-
imum flow accumulation ended up on the incomplete lake
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Figure 11. An example of QA/QC for endorheic lakes. (a) Derived TopoCat features surrounding an endorheic lake with partial water extent
in HydroLAKES. The incomplete polygon for this endorheic lake does not contain its drainage sink (black dot) in MERIT Hydro. As a
result, the derived lake outlet before QA/QC (red dot labeled by “endorheic check”) is on the incomplete lake boundary, and the associated
terminal catchment was delineated incompletely. (b) Improvement in the terminal unit catchment and drainage topology after QA/QC,
where the “endorheic check” outlet was automatically snapped to the sink, and the updated terminal catchment became complete. Here, lake
boundaries are the same as HydroLAKES (Messager et al., 2016), and the map background is from Esri, Maxar, Earthstar Geographics, and
the GIS User Community in both figures.

boundary, leading to a misassignment of the outlet type as
“headwater” or “flow-through” (rather than “endorheic”).
Moreover, the catchment delineated based on the misplaced
outlet did not enclose the endorheic basin. To tackle this
issue, an intermediate outlet type “endorheic-check” was
assigned to any outlet that was directly connected to a
MERIT sink for visual quality assurance and quality control
(QA/QC) in the next step.

3.2.4 Quality control for endorheic lakes

This was the only step in the TopoCat construction that in-
volved manual intervention. In the QA/QC process, each out-
let temporarily labeled as “endorheic-check” in the drainage
type attribute was visually inspected against high-resolution
Google Earth and Esri satellite images. With expert knowl-
edge, this visual inspection aimed at judging whether this la-
beled outlet is a true outlet of an open lake or an “artifact”
pour point of an incomplete endorheic lake (as in the exam-
ple of Fig. 11a). The outlets verified as the latter scenario
were flagged for automated correction. To minimize manual

workload and avoid further complications, we performed this
QA/QC on the final (rather than preliminary) outlets.

In the following automated correction, each flagged out-
let was snapped to its connected sink (the snapped outlet
in Fig. 11b). If there are multiple outlets from the same in-
complete endorheic lake polygon (which all drain to a single
sink), the outlet associated with the largest total catchment
area (“Cat_a_tot”) was selected for this snapping process. If
there are fragmented HydroLAKES polygons representing
the same endorheic lake (i.e., with different HydroLAKES
IDs), the outlet associated with the largest polygon was se-
lected for snapping. This automated snapping was performed
on the preliminary outlets, and the unit catchments were re-
delineated based on the updated outlets (drainage sinks in
this case). Steps 2 and 3 (Sect. 3.2.2 and 3.2.3) were then re-
peated to accommodate these corrections in all preliminary
and final outlet, catchment, and reach attributes. It is worth
noting that this QA/QC did not aim at dissolving the frag-
mented endorheic lake polygons in HydroLAKES. This was
to maintain the consistency that every HydroLAKES poly-
gon has at least one outlet and one unit catchment. However,
since there was only one outlet snapped to the sink per en-
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dorheic lake, only the snapped outlet and its associated unit
catchment were corrected to an endorheic drainage type. In
other words, for an endorheic lake that has multiple Hydro-
LAKES polygons, only the polygon with a snapped outlet
was labeled “endorheic”.

A total of 1261 outlets were identified as “endorheic-
check”. Among them, 291 were confirmed to be pour points
of incomplete endorheic lake polygons, and 14 of these
291 outlets shared drainage sinks with other outlets. The lo-
cations of the other 277 outlets were snapped to their con-
nected drainage sinks, and the drainage catchments were
re-delineated. As exemplified in Fig. 11, the result of this
QA/QC was a complete endorheic catchment and corrected
topological attributes despite an incomplete lake extent in the
original HydroLAKES dataset.

3.2.5 Configuring reach types, stream orders, outlet
orders, and lake-network basins

The inter-lake reaches in TopoCat depict feasible drainage
connections between lakes, whereas the river networks in
MERIT Hydro-Vector (Lin et al., 2021) represent, in princi-
ple, the actual perennial or intermittent channels (refer back
to Sect. 3.1.2). Given this logic, we applied MERIT Hydro-
Vector to obtain a priori information regarding whether an
inter-lake reach in TopoCat is likely a river channel or a
non-channelized drainage connection between the lakes. The
proportion of each inter-lake reach that intersects MERIT
Hydro-Vector was calculated in percentage of length and
saved in the attribute “Rchint_mhv” of the inter-lake reaches.

The Strahler stream order (attribute “Rch_order”) was also
calculated for each inter-lake reach. The order of each lake
outlet (“Out_order”) was then assigned as the stream or-
der of the connected upstream reach (whose end node con-
curs with this outlet). Therefore, the headwater outlets al-
ways have a zero outlet order. If multiple reaches converge
to the same outlet, the maximum stream order among the
confluence reaches was assigned as the outlet order. Finally,
the lake-network basins were delineated using the terminal
points (inland sinks or coastal outlets) of all inter-lake reach
networks. On rare occasions, a multifurcation lake may in-
fringe more than one reach network; when this occurred,
the multiple basins encompassing these reach networks were
dissolved into one basin. The “Basin_id” was then assigned
to all associated lake outlets, unit catchments, and inter-lake
reaches in both the preliminary and final TopoCat.

3.2.6 Aggregating attributes at the lake level

The TopoCat attributes for each lake were configured by ag-
gregating the values of the associated outlet attributes. They
include the counts of directly connected upstream and down-
stream lakes (“U_lake_n” and “D_lake_n”), the counts of
all upstream lakes from the headwater and all downstream
lakes to the terminus (“U_lak_ntot” and “D_lak_ntot”), the

count of outlets for each lake (“Outlet_n”, > 1 indicating
multifurcation), and the area of the entire lake catchment
(“Cat_a_lake”, a dissolve of all unit catchments of and up-
stream from this lake). Lake orders (“Lake_order”) were di-
rectly obtained from the outlet orders, and in the case of a
multifurcation lake, its lake order was based on the maxi-
mum of its outlet orders. The ID of the lake-network basin
that each lake belongs to was also assigned according to the
basin ID of the associated lake outlet(s).

The drainage type of each lake was configured in this
step. As explained in Sect. 2.1, we provided two lake
drainage types depending on the applied drainage networks:
“Lake_type” based on our own inter-lake reaches and “Lak-
typ_mhv” based on MERIT Hydro-Vector. For most lakes
with a single outlet, the value of Lake_type was equivalent
to the outlet type, but for each multifurcation lake, the value
was sorted out by considering the drainage hierarchy among
its outlets. As described in Sect. 2.2, precedence was given
to the outlet type corresponding to the most downstream
drainage position. In such cases, “endorheic” and “coastal”
outlets have the most weight in determining their lake types,
followed by “flow-through” and “headwater” outlets.

The values of “Laktyp_mhv” were modified from
“Lake_type” values with reference to MERIT Hydro-Vector
(Fig. 2b). MERIT Hydro-Vector contains river networks with
variable drainage densities (hereafter “VDD networks”), as
well as river networks with a 25 km2 constant drainage den-
sity (“CDD networks”). While the VDD networks are the
state-of-the-art global river networks available today, the
river topology in VDD networks is occasionally discon-
nected, and these networks do not cover Greenland or parts
of other circum-Arctic regions. To address the problems, we
independently used both VDD and CDD networks to iden-
tify lake drainage positions and then merged the results (i.e.,
VDD and CDD lake types) to jointly determine Laktyp_mhv.

Specifically, for any lake where the “Lake_type” value
was already the most downstream possible, i.e., terminal or
coastal, the same type was assigned to its VDD lake type
as well. Lakes that are geometrically off the VDD networks
were updated to be isolated. For the rest of the lakes, the
counts of inlets and outlets were obtained through intersect-
ing the lakes with the VDD networks. Note that the count
of directly connected upstream lakes in the VDD networks
could be different from that based on our inter-lake reach
networks. If a lake has at least one directly connected up-
stream lake, at least one inlet, and also at least one out-
let, the lake was identified as a “flow-through” type. The
lake was identified as “inflow-headwater” if the lake has at
least one inlet and at least one outlet but no directly con-
nected upstream lake. If the lake has only outlets but no di-
rectly connected upstream lake or inlet, the lake was identi-
fied as “headwater” type. The same process was repeated for
the CDD networks to identify the CDD lake types. The fi-
nal value of “Laktyp_mhv” was then assigned by comparing
the VDD and CDD lake types. Similar to the Lake_type at-
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tribute, we maintained the preference hierarchy towards more
downstream types, where “endorheic” and “coastal” have
the most preference, followed by “flow-through”, “inflow-
headwater”, “headwater”, and “isolated” types.

Finally, the average proportion of permanent water area
(“Lperm_glcp”) for each lake was calculated using the an-
nual permanent water area and the annual total lake water
area (integrating both permanent and seasonal water) ob-
tained from GLCP. GLCP provides the seasonal, permanent,
and total water areas for each HydroLAKES water body per
year from 1995 to 2015. Since the purpose of “Lperm_glcp”
is to represent expected seasonal stability of each lake, we
balanced two factors in selecting the optimal time window.
On the one hand, some lakes exhibited significant expand-
ing or shrinking trends. If the time window is too long, the
proportion of permanent water area for these lakes would be
dominated by the signal of long-term trends rather than sea-
sonality. On the other hand, if the time window is too short,
the proportion of permanent water might be biased by short-
term climate variability such as the El Niño–Southern Oscil-
lation (ENSO). To avoid these issues, we selected a 6-year
time window from 2010 to 2015, which covers at least one
major La Niña event (2010–2011) and one major El Niño
event (2015–2016) (Wang et al., 2018), thus balancing out
both wet and dry anomalies to represent a more objective in-
undation pattern. We then calculated “Lperm_glcp” (in %)
for each lake by averaging the ratios between annual perma-
nent water area and annual total water area during the se-
lected 6-year period.

4 Quality assessment and validation

The quality of TopoCat was first assessed by comparing its
lake catchment areas and lake outlet locations with those
in HydroLAKES or LakeATLAS with reference to high-
accuracy regional hydrography datasets: LakeCat (Hill et al.,
2018) and NHDPlusV2 (McKay et al., 2012) for the conti-
nental USA (CONUS). Since the lake polygons, lake out-
lets, and catchment or watershed area in LakeATLAS are
the same as in HydroLAKES, we only refer to LakeATLAS
hereafter, but results are also true for HydroLAKES. This
comparison is followed by a more detailed validation against
the lake topology acquired from NHDPlusV2 and LakeCat
in a lake-dense area of Minnesota. Finally, the performance
of our delineated endorheic basins in TopoCat was assessed
against endorheic basins delineated by Liu et al. (2021) in
the Tibetan Plateau for the years 2000 and 2018. Details of
the reference datasets, quality assessment, and validation are
given in the following sections.

4.1 Validation data

Detailed and accurate information on lake topology and
basins is lacking on a global scale, so we benchmarked
TopoCat against two high-quality regional hydrographical

networks. NHDPlusV2.1 (McKay et al., 2012), a value-
added version of the 1 : 100000 NHD dataset (USGS, 2001),
was used to validate our derived lake catchment areas in the
continental USA and lake topology in part of the Prairie
Pothole region in the USA, one of the world’s most lake-
dense areas. NHDPlusV2.1 contains catchment boundaries
for NHD on-network waterbodies and their drainage topol-
ogy based on flow directions. Here, on-network waterbodies
are those which intersect the NHD flowline network. For the
waterbodies off the NHD network, we obtained catchments
and drainage topology from the LakeCat dataset (Hill et al.,
2018). Together, these datasets represent the most up-to-date
and comprehensive lake catchment and drainage topology in-
formation for the USA.

In addition, we used the watershed boundaries on the in-
ner Tibetan Plateau produced by Liu et al. (2021) to vali-
date the endorheic lake catchments for the same region in
TopoCat. The inner Tibetan Plateau hosts the world’s largest
cluster of terminal lakes. Delineating lake catchments in arid
and endorheic basins can be challenging for at least two rea-
sons. First, small pseudo depressions due to errors or noise
in the elevation data often coexist with actual inland basins,
and eliminating them from the hydrography data is difficult
(Yamazaki et al., 2019). Second, many terminal lakes on the
Tibetan Plateau are rapidly expanding due to a wetting and
warming climate (W. Chen et al., 2022; Wang et al., 2018;
Yao et al., 2018). Such lake dynamics have led to ongoing
drainage reorganizations such as basin merging and annexa-
tion, meaning that the catchments derived from a static lake
mask (such as HydroLAKES) are prone to boundary migra-
tion through time. Despite the availability of other inland lake
catchment data for this region (e.g., Yan et al., 2019), the
dataset from Liu et al. (2021) is, to our knowledge, the only
one that considered the ongoing drainage changes on the Ti-
betan Plateau due to lake inundation dynamics. They used a
lake-oriented approach (Liu et al., 2020), together with the
calibration of multi-temporal lake mappings, to refine the
basin boundaries initially derived from MERIT DEM. The
dataset offers the endorheic lake catchments for the years
2000 and 2018 (hereafter “Liu21 endorheic basins 2000 and
2018”), with total catchment numbers of 434 and 421, re-
spectively.

4.2 Comparison with LakeATLAS

We hypothesize that the overall accuracy of lake outlets and
catchment areas in TopoCat, which were derived from the
3 arcsec MERIT Hydro, outperforms those in LakeATLAS
derived from the 15 arcsec HydroSHEDS. In addition, the
lake catchments in TopoCat were delineated using an iter-
ative process to consider possible multifurcation, so our de-
rived lake catchment boundaries are likely more accurate and
complete. To test this hypothesis, we benchmarked the to-
tal lake catchment areas (i.e., the entire drainage areas from
the headwater to each lake outlet) derived from LakeATLAS
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Figure 12. Improvements in TopoCat catchment areas, outlet locations, and catchment-to-lake area ratio in comparison with the information
in LakeATLAS. (a) Comparison of total lake catchment areas in between TopoCat and LakeCat (benchmark). Only lake polygons from both
datasets overlapping at least 90 % of the area were considered for this comparison (n= 3991). (b) Same as Fig. 12a except the comparison
was made between LakeATLAS and LakeCat. (c) Locations of lake outlets in TopoCat and LakeATLAS, with respect to the outlets derived
from NHD (benchmark). Here, NHD outlets were located using the intersecting points between outbound NHD flowlines and the NHD
waterbodies showing at least 90 % area overlap with lake polygons in LakeATLAS. Outlets of 2596 NHD waterbodies were identified from
3991 overlapped lakes (lake boundaries are the same as HydroLAKES; Messager et al., 2016; and the map background is from Esri, Maxar,
Earthstar Geographics, and the GIS User Community). (d) Offsets (in geodesic distance) of LakeATLAS vs. TopoCat outlets from NHD
outlets. Points above the diagonal line indicate that TopoCat outlets are closer to NHD outlets than LakeATLAS outlets are. (e) Comparison
between the cumulative distributions of the catchment-area to lake-area ratio calculated from TopoCat and LakeATLAS. About 5 % of the
lakes in LakeATLAS have larger lake areas than their catchment areas, whereas in TopoCat such unreasonable cases are less than 0.04 %.
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and TopoCat against LakeCat. Following the method per-
formed by Lehner et al. (2022) for validating LakeATLAS,
we identified 3991 pairs of lakes in between TopoCat and
LakeCat (lake polygons in the latter acquired from NHD-
PlusV2) which have at least a 90 % overlapping area per pair.
Values of the lake catchment area attribute in LakeCat were
then spatially joined to TopoCat. Since TopoCat was devel-
oped using the same lake polygons as in LakeATLAS, these
lake pairs are exactly the same as those used for LakeAT-
LAS validation (Lehner et al., 2022), and the only difference
is the lake catchment areas used for comparison with those
in LakeCat. As shown in Fig. 12a, the agreement of lake
catchment areas between TopoCat and LakeCat (Fig. 12a;
log–log least-square linear regression R2

= 0.72, symmet-
ric mean absolute percentage error (SMAPE)= 36 %, and
n= 3991) is overall higher than that between LakeATLAS
and LakeCat (Fig. 12b; log–log least-square linear regression
R2
= 0.63, SMAPE= 51 %, and n= 3991). Figure 12e com-

pares the cumulative distributions (in relative frequency) of
the catchment-to-lake area ratio calculated from TopoCat and
LakeATLAS. In TopoCat, the catchment-to-lake area ratios
for 80 % of the global lakes range from 2 to 70. In LakeAT-
LAS, however, about 5 % of the lakes have surface areas
larger than their own catchments. This logical error was re-
duced to less than 0.04 % in TopoCat, probably due to the
use of higher-accuracy hydrography data and a careful con-
sideration of lake multifurcation, leading to more complete
catchment boundaries.

We also compared the geodesic offsets of LakeATLAS and
TopoCat outlets from the benchmark lake outlets. For sim-
plicity, only the primary outlets in TopoCat were used for this
comparison in the case of multifurcation lakes. For bench-
marking, we intersected NHD flowlines with the 3991 NHD-
PlusV2 lake polygons identified in the previous step. The
intersecting point between each lake polygon and the out-
bound NHD flowline was considered the benchmark outlet
(hereafter “the NHD outlet”). To be consistent with the other
datasets, the outlet with the largest upstream catchment area
was selected in the case of multiple NHD outlets for a sin-
gle lake. A total of 2569 NHD outlets were generated across
CONUS, and the average offset to LakeATLAS and TopoCat
outlets is 577 (± 1402) m and 393 (± 1395) m, respectively,
indicating an overall better accuracy of lake outlet locations
in TopoCat. Figure 12c shows a few examples in northern
Wisconsin, where the TopoCat outlets are in much closer
proximity to the NHD outlets than the LakeATLAS outlets.
In∼ 76 % of the 2569 cases, the offsets between TopoCat and
NHD outlets are∼ 361 (± 735) m smaller than the offsets be-
tween LakeATLAS and NHD outlets (Fig. 12d), confirming
that the overall quality of the outlet locations in TopoCat is
superior to that provided in LakeATLAS.

4.3 Validation of lake topology

Validating lake topology is challenging as there are only a
few regional hydrography datasets that consider lake com-
ponents, and additionally, lake topology is not readily avail-
able in these datasets, and retrieving it requires a substan-
tial amount of preprocessing. In this study, we benchmarked
our TopoCat lake topology against the reference data in a
lake-dense area of Minnesota (Fig. 13), located at the in-
tersection of the Canadian Shield (the Laurentian Plateau)
and the Prairie Pothole region. We selected this validation
site for two reasons. The first reason was the availability of
high-quality hydrography data (in this case, NHDPlusV2 and
LakeCat). The second reason is that the accuracy of TopoCat
is expected to be relatively low in this region given the diffi-
culty of using gridded hydrography to portray the geological
and hydrological complexity in such lake-rich areas. Thus,
our rationale is that if the performance of TopoCat is accept-
able in this lake-rich area, it may work equally well or better
for the rest of the world.

The TopoCat and benchmark datasets were preprocessed
to enable a comparison at equivalent levels. First, the water-
bodies in NHDPlusV2 were intersected with the lake poly-
gons in TopoCat within the validation site to retrieve the
common lakes in both datasets. A linking ID between the
common lakes was established. In occasional cases where
one TopoCat lake covers multiple NHDPlusV2 lakes, the
link was established for the most downstream NHDPlusV2
lake among the ones intersecting TopoCat. This way, the
topological orders among the linked subset of NHDPlusV2
lakes were still maintained. A total of 427 linked lake pairs
were established between NHDPlusV2 and TopoCat, where
112 intersect the NHDPlusV2 flowline network (hereafter
referred to as “on-network lakes”). Topological orders of
the on-network lakes were obtained from the NHDPlusV2
dataset using the topological orders of their associated catch-
ments. Several on-network NHDPlusV2 lakes intersect no
lake in TopoCat. In such cases, we assumed that the lake is
absent in TopoCat (i.e., the HydroLAKES polygons), so such
lakes were removed from the assessment, and the topologi-
cal orders of the remaining on-network lakes were updated
accordingly.

The topological orders of the off-network lakes in NHD-
PlusV2 (315 in total) were obtained from the LakeCat
database (i.e., from associated lake catchment orders). Sim-
ilar to the preprocessing for on-network lakes, any off-
network lake intersecting no lake in TopoCat was removed
from the assessment, followed by an update of the topo-
logical order. The updated off-network lake topology was
then appended to the updated on-network ones to form a
completely preprocessed validation or benchmark lake topol-
ogy (hereafter “NHDPlusV2 topology”). It is noteworthy
to mention that only on-network waterbodies were burned
into the DEM in development of the NHDPlusV2 hydrog-
raphy dataset (i.e., flow direction, flow accumulation). On
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Figure 13. Skill of TopoCat lake topology in the lake-rich Prairie Pothole region. (a) Comparison with the benchmark lake topology derived
from NHDPlusV2 and LakeCat (lake boundaries are the same as HydroLAKES; Messager et al., 2016). Lines illustrate the accuracy of
detecting the next downstream lake, whereas lake colors indicate the accuracy of detecting the total count of upstream lakes. (b) The skill of
detecting the next downstream lake is shown. The total number of lakes that correctly (and incorrectly) identified the downstream lakes are
shown on the bars. (c) Distribution of lake area according to the accuracy of detecting the total upstream lake count.

the other hand, LakeCat directly used the flow direction of
NHDPlusV2 to derive the topology of off-network lakes, in-
stead of developing a hydrologically adjusted flow direction
through burning off-network lakes in the DEM. Therefore,
the reference topology of the on-network lakes is more re-
liable than the off-network lakes. Akin to the benchmark
data processing, TopoCat lakes intersecting no lakes in NHD-
PlusV2 were excluded from the assessment, and all attributes
in TopoCat were updated to accommodate these changes.

The updated TopoCat topology was compared with NHD-
PlusV2 to assess the skill in identifying the downstream lake,
as well as the skill in identifying the upstream lake abun-
dance (i.e., the total count of upstream lakes from the head-
water to each lake). The spatial distributions of these skills
are shown in Fig. 13a. Here, thick lines represent correct con-
nections made by TopoCat, and thin lines represent incorrect
connections. About 80 % of the on-network lakes in TopoCat
are correctly connected to the next downstream lake, and for
off-network lakes the skill is ∼ 55 % (Fig. 13b). Different
colors of lakes show the skill in capturing the upstream lake
abundance (Fig. 13a). We considered TopoCat to be skillful

when the difference in the total upstream lake count between
TopoCat and the benchmark data is within ± 1. Given this
tolerance, about 76 % of the lakes in TopoCat capture the to-
tal count of upstream lakes, which cover ∼ 88 % of the lake
surface area within this region (Fig. 13c).

4.4 Validation of endorheic basins

Since the Tibetan Plateau is one of the most endorheic-lake-
rich regions in the world, we selected this region to vali-
date the endorheic basins derived in TopoCat (as in the lake-
network basin layer), using the benchmark data “Liu21 en-
dorheic basins 2000 and 2018” (Liu et al., 2021; refer back
to Sect. 4.1). As a preparation of catchment delineation, the
raw DEM is usually processed to fill any trivial depressions
or artifact pits before generating hydrologically realistic flow
direction and flow accumulation. However, during this pit-
filling process, true inland depressions may also be removed
from the DEM (Grimaldi et al., 2007), which makes it chal-
lenging to delineate endorheic catchments properly. Liu et al.
(2021) used a lake-oriented approach to delineate endorheic
basins on the Tibetan Plateau. In their method, individual
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terminal lakes were first mapped from spectral images, and
their associated endorheic catchments were then delineated
accordingly. A total of 253 endorheic basins were selected
from TopoCat on the studied Tibetan Plateau. Unlike Liu
et al. (2021), the topography modification in MERIT Hy-
dro was not tailored for each observed endorheic lake. In-
stead, Yamazaki et al. (2019) assumed that a significant vol-
ume change in topography was required to merge a true in-
land depression to its adjacent basin. After trial-and-error
tests, MERIT Hydro adopted a threshold modification vol-
ume (2 500 000 m3) to automatically separate true depres-
sions from the dummy ones. Although this automatic ap-
proach has proven to be effective at a global scale, it oc-
casionally failed to detect true depressions on the Tibetan
Plateau, ultimately connecting some of the actual endorheic
basins to their neighboring catchments. This type of error
particularly occurs for small endorheic basins, where an ef-
fective pit-fill volume is smaller than the threshold modifica-
tion volume.

The boundaries of endorheic basins in TopoCat are visu-
ally compared with those of Liu21 endorheic basins 2018
(the validation benchmark) in Fig. 14a. The numbers of
basins in TopoCat and the benchmark data on the en-
dorheic Tibetan Plateau are 259 and 245, respectively, and in
13 cases, the latter covers multiple basins in TopoCat. In such
cases, we merged the TopoCat basins enclosed by the corre-
sponding benchmark basin to make the comparison feasible.
The filling colors in Fig. 14a illustrate the critical success in-
dex (CSI) value for each TopoCat endorheic basin, which is
here calculated as

CSI=
H

H +M +F
, (1)

where H is the area overlapped by TopoCat and the bench-
mark basins, M is the benchmark basin area not overlapped
by the corresponding TopoCat basin, and F is the TopoCat
basin area not overlapped by the corresponding benchmark
basin. Although the input hydrography and lake mask data
are different in the two datasets, their basin boundaries show
a fairly good agreement. The overall CSI value of all the
245 endorheic basins is ∼ 0.85, with the individual basin
CSI values ranging from 0.03 to 0.99. The largest difference
occurs in the endorheic basin of Pangong Lake, which was
misidentified as part of the exorheic Indus Basin in TopoCat.
Our visual examination attributed this omission error to the
automated process of dummy depression removal in MERIT
Hydro, where the adopted threshold modification volume
was too large for this basin.

Figure 14b further shows the scatter-plot comparison be-
tween the TopoCat and benchmark endorheic basins. Here
TopoCat basins were validated against Liu21 endorheic
basins for both year 2000 (log–log least-square regres-
sion R2

= 0.86, SMAPE= 17.5 %, n= 246) and year 2018
(log–log least-square regression R2

= 0.87, SMAPE= 16 %,
n= 245). During these two decades, lake expansions on the

inner Tibetan Plateau triggered several cases of lake capture
and basin coalition (Liu et al., 2021). These ongoing basin
reorganizations explain some of the basin area discrepancies.
Despite such uncertainty, our delineated endorheic basin ar-
eas in TopoCat agree well with the benchmark basin areas in
both 2000 and 2018 except a few outliers such as Pangong
Lake. TopoCat shows slightly overestimated endorheic basin
areas in a few cases. In these cases, small endorheic basins
were merged with the adjacent basins during the dummy de-
pression removal process, thus increasing the sizes of the ad-
jacent endorheic basins.

5 Database availability and versioning

The Lake-TopoCat database and its possible future ver-
sions are available in both shapefile and geodatabase formats
through Zenodo (https://doi.org/10.5281/zenodo.7916729;
Sikder et al., 2023) under the Creative Commons Attribu-
tion 4.0 International license. While the method to develop
TopoCat is generic and adaptive, the version illustrated in
this paper was generated for the global lake mask Hydro-
LAKES v1.0 using primarily MERIT Hydro v1.0.1. As our
intention is to make TopoCat an input-data-flexible and re-
cursively improved database, future versions may be pro-
duced using other global or regional lake masks and hy-
drography datasets. To avoid version ambiguity, the spe-
cific version illustrated in this paper should be referred to
as “HydroLAKES-TopoCat v1.1”, where the first part of the
name “HydroLAKES” indicates the applied lake mask and
where the second part “TopoCat v1.1” indicates the ver-
sion of the algorithm and other specifics to construct lake
topology and catchments. We will follow the same naming
convention for future versioning. Similarly, “Lake-TopoCat”
should be used to refer to the generic or collective version
of our current and future lake topology and catchment data
products.

6 Applications and limitations

We developed the initial version of Lake-TopoCat
(HydroLAKES-TopoCat v1.1), which contains the topo-
logical orders, drainage paths, and unit catchments for
1.4 million lakes and reservoirs larger than 10 ha in the
world (HydroLAKES v1.0). Among them, the inter-lake
reaches are one of the key features. About 3 million inter-
lake reaches were delineated, ∼ 80 % of which are shorter
than 10 km. These reaches stretch ∼ 10× 106 km, which
is about 4.6 times longer than global drainage networks
with rivers wider than 30 m (Altenau et al., 2021; Allen and
Pavelsky, 2018). The detailed inter-lake drainage networks
in TopoCat allow us to decipher lake drainage topology,
which may help model how aquatic species possibly migrate
upstream or downstream through the connecting reaches
as a response to climatic or ecological changes. This lake

Earth Syst. Sci. Data, 15, 3483–3511, 2023 https://doi.org/10.5194/essd-15-3483-2023

https://doi.org/10.5281/zenodo.7916729


M. S. Sikder et al.: Lake-TopoCat: A global lake drainage topology and catchment database 3507

Figure 14. Skill of TopoCat endorheic basin delineation on the Tibetan Plateau. (a) Comparison of Lake-TopoCat endorheic basin boundaries
with the benchmark data (Liu21 endorheic basins 2018). Different colors illustrate the critical success index (CSI) values, calculated based
on the area of the benchmark basin overlapped by the corresponding TopoCat basin (see Eq. 1). (b) Cross-comparison between TopoCat
basin areas versus those in Liu21 endorheic basins (2000 and 2018, respectively).

topology is required to integrate medium- and small-sized
lakes and reservoirs, which are largely lacking in the existing
routing models, into the global river networks. Such inte-
grated lake–river networks will be essential to route water
storage variability in lakes and reservoirs, such as observed
by satellite altimeters including the Surface Water and Ocean
Topography (SWOT) mission (Biancamaria et al., 2016),
into hydrological models and thus benefit the estimates
of river discharge, fluvial sediment transport, and carbon
flux cycling. For instance, Abril and Borges (2019) studied
carbon leaks from flooded land, and they argued that a global
topology of fluvial and lacustrine wetlands is necessary to
improve the quantification of hydrological carbon fluxes in
flooded ecosystems. This argument also applies to lakes and
reservoirs, which are important for carbon sequestration.

The spatiotemporal variability of lake–river connections is
important to understand surface water dynamics, especially
in the Arctic and arid regions, where lake–river connections
are intermittent and complex. In Arctic environments, the
fluvial and glaciofluvial processes heavily depend on lake–
river connectivity. For example, Dolan et al. (2021) found
that about 10 % of the lakes in Colville Delta in Alaska have
variable temporal connectivity, and the lake–river connectiv-
ity is highly correlated with river discharge. This connectiv-
ity influences ice breakup timing, where ice in highly con-
nected lakes breaks up earlier than in less connected lakes.
The inter-lake drainage networks of TopoCat offer all pos-
sible hydrologic connections among global lakes, which can
serve as a priori information to monitor the intermittency and
dynamics in fluvial–lacustrine connectivity. The lake topol-
ogy is essential to identify upstream lake abundance as well
(Gardner et al., 2019), which is useful for understanding the

density of lakes in a region and their accumulative down-
stream impacts. From TopoCat, we found that ∼ 82 % of the
global lakes have a drainage proximity to other lakes of less
than 10 km, and the percentage increases to ∼ 95 % if the
proximity increases to 100 km. Lake-TopoCat data can be
used to analyze geomorphic scaling principles that have been
shown to be related to lake formation processes and even lake
water residence time (Seekell et al., 2021).

Our delineated lake catchments reveal that nearly 57 %
of the Earth’s landmass (excluding Antarctica) drains into a
lake larger than 10 ha. These unit lake catchments will allow
us to understand lake water mass balance and water qual-
ity changes by explicitly considering the geophysical and an-
thropogenic characteristics of the lake drainage basins and
thus the contributions of the basins. The amount of crop-
land in a lake catchment can affect the amount of nutrient-
driven primary production in lentic ecosystems (Balmer and
Downing, 2011). Similarly, the amount of wetland coverage
in a lake’s catchment controls the amount of dissolved or-
ganic material transported downstream, cascading to primar-
ily production in lakes, and ultimately carbon dioxide emis-
sions from these waterbodies (Borges et al., 2022; Maberly
et al., 2013). The geomorphology (e.g., gradient, altitude)
of a lake’s catchment may also play a role in controlling
lake biogeochemistry and greenhouse gas emissions of lakes
(Casas-Ruiz et al., 2020; Lapierre and Giorgio, 2012).

A few recent studies (e.g., GLCP and LakeATLAS) used
the lake drainage basins to compute basin-averaged river
area, temperature, precipitation, population, and many other
hydrological–limnological variables (e.g., Lehner et al.,
2022; Meyer et al., 2020). However, lake catchment perime-
ters are not directly available from these studies and often do
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not accurately represent the actual drainage areas of the lakes
(Meyer et al., 2020). Together with other thematic datasets,
the high-resolution (i.e., 3 arcsec) lake catchment boundaries
in TopoCat provide users with more accuracy and flexibil-
ity to customize the calculations of basin-level limnological
and socioeconomic attributes. Furthermore, the lake drainage
topology along with lake basin boundaries will help users
better understand lake water quality issues, such as tracking
temperature and nutrient flows from the upstream lakes and
catchments that affect downstream lake algae contributions
and water color (e.g., Hou et al., 2022; Yang et al., 2022).

Despite the improvements over existing datasets identified
above and a variety of potential applications of TopoCat, we
would like to acknowledge a few notable limitations. First,
TopoCat aims to construct a priori drainage topology and
connectivity among global lakes. Thus, the “headwater” ex-
tent in our delineated inter-lake reach network was deter-
mined by the presence of the most upstream lakes rather
than river channels. This is partially due to the ambiguity
of what and where should be considered a headwater river
and the variability of drainage density across the continents
(Lin et al., 2021). However, our lake-based drainage network
can be potentially nested into a broader and more detailed
drainage network to enable a more complete global lake–
river integration.

Second, although our algorithm includes a mechanism to
consider possible lake multifurcation, and this mechanism
design did successfully capture some of the multifurcation
cases (see the example in Fig. 3), we acknowledge that our
lake multifurcation attribute has not been fully validated.
Our identified multifurcation was based on MERIT Hydro.
Although MERIT Hydro incorporated long-term maximum
water extents to ensure drainage connectivity and to cal-
ibrate drainage directions, topographic errors still remain,
particularly in floodplains and wetlands with large drainage
complexity and uncertainties. Some of the major multi-
furcation lakes, such as lakes Vesijako (61.38◦ N, 25◦ E),
Lummene (61.48◦ N, 25.05◦ E), and Diefenbaker (51.03◦ N,
106.84◦W), were unfortunately not captured by our auto-
mated algorithm. These errors may be due in part to errors in
lake mask polygons from HydroLAKES. HydroLAKES does
not always represent precise lake boundaries, and some poly-
gons span multiple lakes and even infringe on other rivers
and drainage watersheds (leading to artifacts or pseudo bifur-
cation issues). These errors have not been fully considered in
the current TopoCat version and may require future manual
QA/QC and validation. A higher-resolution, remote-sensing-
based, and quality-controlled lake mask, such as the SWOT
prior lake database (Sheng et al., 2016), may also help im-
prove the representation of lake multifurcation.

Third, the accuracy of the delineated basin boundaries
in Lake-TopoCat depends on the quality of MERIT-Hydro,
which applied an automatic approach to remove dummy de-
pressions from the DEM (Yamazaki et al., 2019). This auto-
mated DEM processing occasionally lumped actual small en-

dorheic basins to their adjacent exorheic or endorheic basins,
which could lead to incomplete lake boundaries and misclas-
sification of the lake drainage types. For instance, Pangong
Lake (33.72◦ N, 78.9◦ E) on the Tibetan Plateau is an en-
dorheic lake, but in MERIT Hydro the Pangong basin was
incorrectly merged with the Indus Basin.

Last, the current version of Lake-TopoCat emphasizes lake
drainage topology and catchments, rather than explicit lake–
river integration and segmentation. Therefore, only lake out-
lets were considered at this moment. While the position of
the lake inlet is subject to upstream and downstream shifts as
the lake area expands and shrinks, the outlet position is often
more stable, particularly in reservoirs and perennial lakes.
Located at the most downstream boundary of a lake, the out-
let also determines the full catchment domain governing the
water mass and quality of the lake, and it is more straightfor-
ward to use outlets to configure lake drainage topology and
derive unit lake catchments. For these reasons, we consider
the delineation of lake outlets to be both more meaningful
and practical. However, we admit that the addition of lake
inlets is necessary for a more complete segmentation and
coupling between lentic and lotic units along the drainage
networks; therefore, the inclusion of both lake inlets and out-
lets will be considered in our future lake–river harmonization
efforts.
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