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Abstract

Watershed and micro-watershed delineation underlies a
wide range of water security and land management de-
cisions; yet existing global hydrographic products such
as HydroSHEDS are static, coarser, and not readily re-
producible or adaptable to new regions or scales. We
present Hydro Stack, an open-source, end-to-end work-
flow that automates micro-watershed delineation and
hydrological characterization for any user-supplied area
of interest. Given only a boundary vector, the pipeline
resolves the appropriate projection, acquires and con-
ditions elevation data, delineates micro-watersheds via
a hydrologically consistent basin-merging procedure,
and derives a unified set of layers, such as natural
depressions, drainage networks with stream ordering,
pour points, specific catchment area, catchment-level
stream order, and inter-basin drainage connectivity.
Built mostly on GRASS GIS and released as a con-
tainerized, script based pipeline, Hydro Stack makes
every step of the analysis transparent, reconfigurable,
and reproducible, providing a generalized foundation
for local-level hydrological planning.

Keywords:  Geospatial Analysis, Hydrological
Analysis, Watershed Management, Computational En-
gineering, Software Engineering.

1 Introduction

Why does watershed analysis matter? A wa-
tershed (also called a catchment or drainage basin) is
the area of land where all surface water from rainfall
to snowmelt drains toward a common outlet, such as

a river mouth, lake, or reservoir. Understanding how
water moves across a landscape is fundamental to a
wide range of real-world problems: predicting flood
risk, planning irrigation and reservoir systems, siting
infrastructure like bridges and culverts, managing soil
erosion, tracking pollutant transport [1], and support-
ing ecological and conservation planning. Nearly every
major decision about how to manage the land and wa-
ter resources involves tracking the flow of water.
Traditionally, delineating watersheds and mapping
stream networks required painstaking manual work
with topographic maps. Today, this process is auto-
mated using Digital Elevation Models (DEMs), grids
of elevation values sampled across a landscape, usually
derived from satellite radar or laser (LiDAR) surveys
combined with well-established hydrological algorithms
that simulate how water flows downhill, cell by cell,
across the terrain.

Based on the size of these hydrological units, they
are termed as basin, sub-basin, catchment, sub-
catchment, watershed, sub-watershed and micro-
watershed. Micro-watersheds (MWS) are small, lo-
calized land unit, typically covering hundred to few
thousand hectares, where all water runoff drains to a
single, common point such as a stream, pond, or drain.
Micro-watersheds are the smallest hydrological unit for
environmental planning and they together constitute a
watershed. So, these hydrological units are hierarchical
in nature.

Why Hydrosheds and other projects have lim-
itations? HydroSHEDS and similar global hydro-
graphic products offer broad, consistent coverage and
have become a standard reference for basin and stream
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network delineation worldwide. However, being global
in scope, they are necessarily generalized: derived at a
fixed resolution and using globally uniform delineation
thresholds, they are not tuned to the terrain charac-
teristics or planning needs of any particular region.
Their basin units are also released as static, versioned
datasets that are suitable for broad-scale analysis, but
not something a practitioner can easily regenerate, re-
fine, or extend for a new area of interest, a different
flow-accumulation threshold, or an updated elevation
source.

Also, for watershed development planning we need
other geospatial layers and information like natural de-
pressions, catchment area, micro-watershed connectiv-
ity, etc. which these global hydrographic products do
not forthrightly provide.

Because the underlying delineation pipeline is not ex-
posed as a reusable, adaptable workflow, incorporat-
ing a locally relevant DEM, adjusting micro-watershed
size, or reproducing the delineation logic for a spe-
cific study area is not straightforward. This motivates
a complementary, open pipeline that keeps the same
hydrological principles but makes every step like pro-
jection selection, DEM conditioning, thresholding, and
basin merging, transparent and reconfigurable for the
region and scale a given study actually requires.

Why there is a need of generalized archi-
tecture that is open and reproducible? The
terrain conditions that govern a sensible delineation
vary widely across regions: relief, drainage density,
DEM quality, and the scale at which interventions are
planned differ between mountain catchments, semi-arid
plateaus, and alluvial plains. A workflow that bakes in
the assumptions of a single region therefore does not
transfer, and a generalized one must derive its working
configuration (map projection, elevation source, and
basin scale) from the area of interest and a small set
of explicit parameters rather than from region-specific
code. Such generality also matters because elevation
data keep improving. A workflow that treats the DEM
as an interchangeable input can absorb new sources as
they become available, without redesigning the analy-
sis around them.

Openness and reproducibility matter for a second
reason: the derived layers feed decisions that are con-
sequential and publicly accountable, such as where to
site recharge structures or how to prioritize treatment
under watershed development programmes. In this set-

ting, a delineation is only as trustworthy as the ability
of others to inspect how it was produced, re-run it, and
challenge its choices against local knowledge or field
evidence. An open, scripted workflow makes the treat-
ment of depressions, the size of the delineated units,
and the resolution of undersized basins explicit and re-
visable, so that disagreements can be settled by chang-
ing a stated parameter rather than by negotiating over
an opaque dataset. It also lets the research community
extend individual stages, for instance by substituting
an alternative conditioning method, and compare the
effect on downstream layers within a common frame-
work.

Our contributions We present an end-to-end,
open-source workflow for micro-watershed delineation
and hydrological characterization that operates on any
user-supplied area of interest, anywhere in the world,
without manual intervention in the middle. Specifi-
cally, our contributions are as follows:

e An automated pipeline that, given only a bound-
ary vector, resolves the appropriate UTM projec-
tion, fetches and mosaics the corresponding eleva-
tion data, and conditions it for hydrological anal-
ysis, requiring no region-specific configuration.

e A watershed-merging procedure that consolidates
the fine-grained basins produced by standard flow-
accumulation-threshold delineation into micro-
watersheds of a specified minimum size, using a
hydrologically consistent, vectorized merge that
scales efficiently to large study areas.

e A unified set of derived hydrological layers such
as natural depressions, micro-watershed bound-
aries, drainage lines with Strahler and Shreve or-
dering, pour points, specific catchment area, and
catchment-level stream order, that are produced
within a single reproducible run and exported in
standard geospatial formats.

e An explicit representation of inter-basin drainage
topology, connecting each micro-watershed to its
upstream and downstream neighbours, generated
natively at the same locally-chosen scale and
threshold as the delineation itself, rather than in-
herited fixed from a pre-computed global product.

e A fully containerized, scripted implementation
that makes the entire workflow reproducible end-
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to-end, allowing results to be independently ver-
ified and the pipeline adapted to new regions or
parameters.

Organization of the paper The remainder of this
paper is organized as follows. Section 2 lays out the
system architecture and Section 3 describes the Hy-
dro Stack workflow in detail, covering projection selec-
tion, elevation data acquisition, DEM preprocessing,
micro-watershed delineation, drainage network extrac-
tion, pour point computation, inter-basin connectivity,
catchment area estimation, and catchment-level stream
ordering. Section 4 presents experiments and evaluates
the performance of the pipeline. Section 5 discusses the
broader context and applications of the workflow. Sec-
tion 6 concludes the paper, and reproducibility details
and acknowledgements are provided afterwards. Sec-
tion 9 reviews related work on watershed delineation
and existing global hydrographic products.

2 System Architecture

Hydro Stack is organized as a single, linear pipeline
built around three architectural layers: a data acquisi-
tion layer that resolves and retrieves the inputs needed
for a given area of interest, a processing layer that per-
forms all DEM conditioning and hydrological computa-
tion inside a GRASS GIS session, and an output layer
that exports the derived rasters and vectors in standard
geospatial formats. This separation keeps each layer in-
dependently reasoned about. The acquisition layer is
concerned only with correctly resolving projection and
elevation data for an arbitrary region, the processing
layer assumes a well-conditioned, correctly projected
DEM and focuses purely on hydrological computation,
and the output layer is agnostic to how a given layer
was derived.

The pipeline is driven entirely by a single vector file
describing the area of interest, with no other required
input. From this file, the system determines the ap-
propriate UTM projection, retrieves and mosaics ele-
vation data for the corresponding extent, and initializes
a GRASS GIS project scoped to the study area. All
subsequent modules such as DEM conditioning, micro-
watershed delineation, stream extraction, pour point
computation, and connectivity and catchment analy-
sis, operate within this single GRASS session, reading
and writing intermediate rasters and vectors internally

rather than relying on ad hoc file exchange between
modules. This design keeps state implicit within the
GRASS project rather than distributed across inter-
mediate files, while still allowing every intermediate
layer to be inspected or exported independently, since
GRASS retains each named raster and vector until the
session is closed.

Because acquisition and processing are decoupled,
extending the pipeline to a different elevation source,
projection strategy, or study area requires no change
to the hydrological modules themselves. Similarly, be-
cause each hydrological module reads and writes named
layers within the same GRASS session rather than be-
ing hard-wired to its immediate predecessor, individual
modules can be reordered, reused, or extended. For
instance, substituting a different depression-handling
strategy or stream extraction threshold without alter-
ing the rest of the pipeline. The entire pipeline, along
with its GRASS GIS dependency, is packaged as a
Docker container, so that this architecture is repro-
ducible independent of the host environment.

3 The Hydro Stack Workflow

Our analysis uses a GRASS GIS native approach where
all the steps of the analysis are automated end-to-
end using Python scripts. The input to the work-
flow could be an ESRI Shapefile, GeoJSON, GeoPack-
age, or KML/KMZ file describing the area of inter-
est. The output of the workflow is natural depression
map, micro-watershed delineation layer, drainage lines,
catchment area raster, stream order raster, and pour
points. These six layers form the bedrock for water
security planning purposes and other local level hydro-
logical planning.

3.1 Finding the Right Map Projection

Maps of the Earth’s curved surface have to be flattened
using a projection, and for accurate distance and area
measurements. The pipeline uses the UTM (Universal
Transverse Mercator) system, which divides the world
into narrow zones, each with its own precise projection.
This module return the local Coordinate Reference
System (CRS) for that zone, which is used in the subse-
quent steps: downloading elevation data, reprojecting
it, and running all the flow calculation in real-world
units like meters and hectares.
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Figure 1: Layered system architecture of the Hydro
Stack pipeline: data acquisition, GRASS-native hydro-
logical processing, and export.

3.2 Elevation Data

Given an input vector covering area of interest, we
download the corresponding elevation data which could
be either a Digital Elevation Map(DEM) or Digital
Surface Map(DSM) from OpenTopography. For our
analysis, we chose SRTM 1 arc second data, but we
provided options for SRTM 3 arc second, Coperni-
cus DEM, NASADEM, ALOS World 3D, SRTM15+
bathymetry, etc. We first tiled the DEM and then
fetched it in parallel from the portal. Downloaded tiles
were cached, and for the given area of study, they were
merged into a single GeoTIFF file for further topo-
graphical and hydrological processing. (See figure )

SRTM30

vation(m

250 @

Figure 2: SRTM 30m DEM corresponding to the input
vector of HydroSHEDS v1 level 5 basin with Hybas ID:
4051065250. This region lies south of Godavari river
near Maharashtra-Telanga-Chhatisgarh border.

3.3 DEM Preprocessing

The DEM data contains natural and artificial sinks or
depressions. For hydrological processing the depres-
sions need to be treated. Various techniques exists for
preprocessing the DEM like sink filling, dem breaching,
etc. We used sink filling as implemented in richdem li-
brary.

3.4 Natural Depressions

Depression filling, as used to condition the DEM for
flow routing, treats every sink as an artifact to be re-
moved so that flow can be traced continuously to the
edge of the study area. This is necessary for hydrolog-
ical processing, but it also discards information: many
of these depressions are not artifacts of the elevation
data at all, but real topographic features — natural
ponds, sinkholes, and closed basins — that are them-
selves relevant to water security planning as potential
sites for water harvesting or recharge.

We therefore retain the depression-filling step as a
source of information rather than discarding it after
conditioning. By comparing the filled DEM against
the original, unfilled surface, we recover the depth of
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every depression that was removed, cell by cell, giv- 3.5 Micro-Watershed Delineation and Con-
ing a continuous natural depressions layer over the full solidation

study area. This layer is exported independently of the
conditioned DEM, providing a map of candidate nat-

ural storage locations that can be examined directly, (Conditioned DEM>
rather than requiring these features to be re-derived

separately from the raw elevation data. The condi- Y

tioned DEM produced alongside it — with depressions Flow Accumulation & Direction
filled and flat regions resolved — then serves as the

14
Threshold-based Basin Delineation

input to all subsequent flow-routing steps.

( Raw DEM )

Y

Y

Build Basin Drainage Topology

repeat until
Fill Depressions Y no merges left

Iterative Merge of Small Basins

Y

Compute Depression Depth Y
(Micro—Watersheds)

14
Resolve Flats

Figure 5: Micro-watershed delineation and consolida-
tion workflow.

v
<Conditioned DEM>

Figure 3: DEM preprocessing workflow.

PR )
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&

Figure 4: Natural depressions map (including pseudo

depressions) for the same HydroSHEDS basin. Also Figure 6: Micro-watershed delineation corresponding
path of the river channel comes naturally in this de- to the HydroSHEDS basin. Further drainage network
pressions map. and pour points are laid over it.
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Micro-watersheds are first delineated using the stan-
dard flow-accumulation-threshold approach: basins are
cut wherever the accumulated flow exceeds a fixed
threshold (chosen 1200 cells for 30 m DEM resolution),
producing a fine-grained partition of the landscape
along with the flow direction and accumulation fields
needed to relate one basin to another. This threshold,
however, is a computational convenience rather than
a hydrologically meaningful boundary, and the result-
ing basins are typically far smaller and more numerous
than what is useful for planning purposes.

We therefore consolidate these initial basins into
micro-watersheds of a minimum target size (we set
this to 500 ha) through an iterative merging procedure.
(Algorithrns and Merging is driven by the drainage
structure rather than by spatial adjacency alone: a
basin that is too small is absorbed into the basin it
drains into, so the hydrological connectivity of the net-
work is preserved. Only when this is impossible, be-
cause the downstream basin is missing or would exceed
the size limit (set to 1500 ha), is the basin merged into
one of the basins that drain into it, starting with the
largest. Basins are processed from smallest to largest,
so the tiniest fragments are resolved first and may grow
enough to need no further merging. Because a merge
can change which basins are neighbours, the topology
is rebuilt and the procedure repeated until a full pass
produces no merge. Basins for which no admissible
neighbour exists are left unchanged, which guarantees
termination.

The downstream neighbour of a basin is determined
from its effective outlet, the boundary cell carrying the
highest accumulated flow, so that minor leakage across
the basin boundary does not alter the drainage rela-
tionship. All of this is computed over the whole raster
at once rather than basin by basin, so the cost of re-
building the topology grows with the number of cells
rather than with the number of basins, and repeated
passes remain affordable on large study areas.

Algorithm 1: Flow-aware consolidation of
micro-watersheds

w AR W N =

© ® N o

10

11

12

13
14

15

16
17

18
19

20

Input

: Basin raster B, flow direction D, flow
accumulation A, minimum area amin,
maximum area Gmax

Output: Consolidated basin raster B’
Nmin $— Gmin/cell area

Nmax < Gmax/cell area

repeat

(area, down, up) <+
BuildTopology (B, D, A)
S + basins with area < npin, sorted by
increasing area
if S =0 then break
parent < ()
foreach basin b € S do
if b was already absorbed or
arealb] > npin then continue
// Candidate targets: downstream
neighbour first, then upstream
neighbours by decreasing area
K « (downl[b]) followed by live basins of
up[b] sorted by decreasing area
// Take the first candidate that
keeps the merged basin within
the size limit
t + first k € K with
arealk] + arealb] < nmax
if no such t exists then leave b
unmerged; continue
arealt] < area[t] + area|b]
redirect all links to b in down and up
towards ¢
parent[b] < t

if parent = () then break
relabel every cell of B with the final target
reached by following parent

until no merge was performed in the last pass

relabel the remaining basins with compact
sequential identifiers

return B
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Algorithm 2: BUILDTOPOLOGY: basin areas
and drainage neighbours
: Basin raster B, flow direction D, flow
accumulation A
Output: Basin areas, downstream map,
upstream map
area[b] - number of cells labelled b, for every
basin b
2 C + cells whose D8 neighbour lies in a different
basin or off the grid
foreach basin b do
c* < cell of C in b with the highest |A|
5 if ¢* drains off the grid or into an undefined
cell then
6 ‘ downl[b] < none
else
down[b] < basin containing the D8
neighbour of ¢*

Input

fuy

w

9 up <+ inverse of down
10 return (area, down, up)

3.6 Stream Network Extraction and Order-
ing

While the micro-watershed delineation step establishes
basin boundaries, the drainage lines themselves — the
actual stream channels along which water is concen-
trated — are extracted separately, directly from the
conditioned DEM and its accumulated flow field. A
cell is classified as part of the stream network once
its contributing flow exceeds a specified accumulation
threshold, and the connected cells satisfying this condi-
tion are traced into a stream raster and a corresponding
vector line network, together with the flow direction
field consistent with this extraction.

Each segment of the resulting stream network is then
assigned a position within the overall drainage hierar-
chy. We compute both the Strahler order, which re-
flects the branching structure of the network by in-
creasing only where two channels of equal order con-
verge, and the Shreve order, which instead reflects
the cumulative number of upstream channel segments.
These two measures capture complementary aspects of
a stream segment’s place in the network — topological
prominence versus contributing channel count — and
are attached to the stream vector along with descrip-
tive attributes distinguishing stream type. Together,

they allow the drainage network to be queried and sym-
bolized by hierarchical importance, rather than treated
as an undifferentiated set of line segments.

(Conditioned DEM)

Stream Extraction (accum. threshold)

|

Strahler & Shreve Ordering

|

COrdered Stream Network>

Figure 7: Stream network extraction and ordering
workflow.

Figure 8: Drainage network corresponding to the Hy-
droSHEDS basin alonwith the stream order map.

3.7 Pour Points

The pour point of a micro-watershed is the single cell
through which all of its accumulated runoff exits, and
it is the natural reference location for characterizing
that unit, whether for reporting its total contribut-
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ing area, linking it to a downstream monitoring point,
or anchoring it within the broader drainage network.
While the basin boundary describes the full extent of a
micro-watershed, the pour point identifies the specific
cell through which the entire basin’s runoff exits —
the only location where connectivity to a neighbouring
basin can actually be established. Its correct identifi-
cation is therefore a direct prerequisite for the connec-
tivity analysis that follows.

For each micro-watershed, the pour point is identi-
fied as the boundary cell with the highest accumulated
flow among those where the flow direction leads either
into a different micro-watershed or off the edge of the
study area — both being signatures of the cell through
which the basin actually drains outward. This condi-
tion distinguishes true outlets from interior cells that,
despite carrying high accumulation, still drain onward
within the same basin. The resulting set of pour points
is exported as a point layer, with each point carrying
its parent basin’s identifier and the flow accumulation
value at that location, providing a compact, per-basin
reference for all subsequent connectivity and catchment
computations.

CMicro-WaterSheds + Flow Acc./ Dir)

!

Identify Basin Boundary Cells

!

Select Max-Accumulation Outlet Cell

Figure 9: Pour point computation workflow.

3.8 Micro-Watershed Connectivity

Individual micro-watersheds are not hydrologically
meaningful in isolation: runoff from one unit passes
into a neighbouring one, and this chain of hand-offs
ultimately converges at the outlet of the watershed.
Capturing this drainage topology — which micro-
watershed feeds into which — is essential for any analy-
sis that must be propagated across the landscape, such
as routing pollutant loads or aggregating upstream

catchment characteristics at a point of interest.

This topology is derived from the pour point of each
micro-watershed. Tracing the flow direction one step
beyond a pour point identifies the receiving micro-
watershed, yielding a directed edge between the two;
units with no such downstream neighbour are treated
as terminal nodes. The result is a directed graph over
all delineated micro-watersheds, consistent with the
underlying flow direction field.

(Pour Points + Flow Direction>

|

Trace Flow One Step Downstream

|

Record Directed Basin Edge

|

CDrainage Connectivity Graph>

Figure 10: Micro-watershed connectivity workflow.

This connectivity is recorded in two complementary
forms. First, it is exported as a GeoJSON network con-
necting basin centroids, giving a compact visual repre-
sentation of the drainage structure. Second, and more
importantly, it is embedded directly into the micro-
watershed vector layer’s attribute table — each unit
is tagged with its downstream neighbour, its upstream
contributors, and the compass bearing of flow toward
its downstream neighbour. This makes the drainage
network directly queryable by attribute lookup rather
than graph traversal, providing the structural back-
bone for cascading, basin-to-basin analyses central to
water security planning.

3.9 Catchment Area

The catchment area at a given cell is the total sur-
face area of land upstream of it that contributes runoff
to that location, and is one of the most fundamental
derived quantities in hydrological analysis — it under-
lies stream network extraction, flood risk estimation,
and the sizing of hydraulic structures alike. While flow
accumulation expresses this contributing area in units
of cell counts, it is not directly interpretable across
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datasets of differing resolution and offers little phys-
ical meaning on its own.

We therefore convert the flow accumulation raster
into a specific catchment area raster expressed in
square metres, by scaling each cell’s accumulated cell
count by the ground area of a single cell under the
working projection. This yields, for every cell in the
study area, the true upstream contributing area in
physical units, directly comparable across studies and
consistent with the resolution of the input DEM.

(Flow Accumulation>

Scale by Cell Area

!

(Speciﬁc Catchment Area (m2)>

Figure 11: Catchment area computation workflow.

3.10 Catchment Ordering

Stream order — the Strahler hierarchy assigned to
each segment of the extracted stream network — in-
dicates the relative position of a stream within the
overall drainage network, distinguishing small headwa-
ter channels from the larger, higher-order streams they
eventually join. For many planning purposes, how-
ever, this ordering needs to be known not just along
the stream itself, but for every point in the landscape
that drains into a given segment.

To this end, each stream segment is used to delineate
its own contributing catchment, and the Strahler order
of that segment is then assigned to every cell within it.
The result is a catchment-level stream order raster, in
which each cell carries the order of the stream segment
it ultimately drains into. This reframes stream order
— ordinarily a property of the channel network alone
— as a spatially continuous attribute of the landscape,
enabling planning decisions to be prioritized by the or-
der of the drainage a given parcel of land feeds into,
rather than by proximity to the stream network alone.

CStream Network (Strahler Order))

!

Delineate Per-Segment Catchments

|

Assign Segment Order to Catchment Cells

|

(Catchment Stream Order Raster>

Figure 12: Catchment ordering workflow.

Area directly draining [ Ba
into order 1'stream e—————————— 4

Figure 13: Catchment with stream ordering map for
Masalia block, Jharkhand, India. Each cell/ region is
assigned the stream order of the immediate stream it
drains into.

4 Experiments and Performance

Evaluation

4.1 Hardware Used for Experiments

Although the workflow can run on any x86 64-bit or
ARM based architecture, but lower computational re-
source would only permit small level analysis. For
larger level analysis such as ours we used DELL Preci-
sion 5860 Tower Workstation (a high performance com-
puting facility) with 128 GB of RAM and 6 cores (12
logical processors) with a clock speed of 2.11 GHz.
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4.2 Performance Metric on basins of differ-
ent sizes

We ran the workflow on HydroSHEDS v1 basins at
level 5, intersecting with India. There are a total of
125 basins at level 5 intersecting with India and they
are of different sizes. We picked the basins at deciles
and kept them as the benchmark for our workflow and
any algorithmic and implementational improvement in

it. (See table

Thus, our workflow can process basins of size nearly
167,000 sq.kms. at 30 m resolution in few hours.

Percentile Area (sq. km) DEM Tiles Execution time

0 28.4 1 15.43 s

10 6,020.16 4 1 min 56.25 s
20 10,247.24 4 4 min 45.62 s
30 13,929.36 6 5 min 51.70s

40 18,601.2 9 8 min 9.12 s

50 23,549.7 6 8 min 44.81 s
60 29,665.54 12 15 min54.37 s
70 36,816.38 9 11 min 56.92 s
80 58,586.3 19 24 min 37.83 s
90 91,072.6 58 3 hr 53 min 52.86 s
100 166,655.9 56 1 hr 10 min 57.75 s

Table 1: Execution time (end-to-end) by percentile of
area

4.3 Size distribution of micro-watersheds

For local level planning, our level of analysis focused
on micro-watersheds as the hydrological unit. Each
basin was delineated into micro-watersheds and made
to fall into sizes between few hundreds of hectares to
few thousands.

Percentile MWS Min Median Max

0 2 765.83 912.67 1059.5
10 836 52 553.43 1500.46
20 1435 88.8 586.63 2017.28
30 1837 124.12 642.90 1499.39
40 2600 37.40 599.67 1500.02
50 3358 89.67 554.03 1503.39
60 4149 94.28 589.97 1621.21
70 5003 106.71 632.14 1548.46
80 8026 26.67 566.24 8024.21
90 12611 25.21 591.59 2327.3
100 22922 28 601.29 7241.39

Table 2: Descriptive statistics on area distribution of
the micro-watersheds. All units of area are in hectares.

Distribution of polygon areas (hectares)
i

|
Min: 28.00 ha!
3000

1 lax; 7241.34 ha

Median: 601.29 ha
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Figure 14: Distribution of areas of micro-watersheds in
100th percentile basin at level 5 intersecting with India

Specifically we wanted to set the micro-watersheds to
fall mostly between 500 ha and 1500 ha. We achieved
our objective to a large extent(See table [2[ and figure
. Some of the micro-watersheds still remained be-
tween 100 ha and 500 ha becuase no merge candidate
was found for them or their merging lead to larger size
micro-watersheds. Only a small fraction of the micro-
watersheds remain below 100 ha because they were sliv-
ers and were not removed as the sliver removal thresh-

old was set to 25 ha. (5 % of 500 ha).

Few of the micro-watersheds were significantly be-
yond 1500 ha in area and that was because these re-
gions were flat and thus it took lot of traversal for
enough flow accumulation to aggregate. leading to
larger sized polygons.

10
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5 Broader Context and Applica-
tions

Hydro Stack is being used to generate the base layers
of CoRE (Commoning for Resilience and Equity) Stack
[2], a digital public good built to empower communities
and help them in planning and making interventions re-
lated to local level watershed management. With the
help of applications like Commons Connect [3] built
on the top of the core geospatial layers that includes
micro-watershed layers, these tools help the local com-
munities and Civil Society Organizations (CSO) in gen-
erating demands from local government bodies.

6 Conclusion

We presented Hydro Stack, an open, containerized
workflow that takes a boundary vector for any area
of interest and produces a consistent set of layers for
local-level water planning: natural depressions, micro-
watersheds, stream networks with Strahler ordering,
pour points, specific catchment area, catchment-level
stream order, and explicit inter-basin connectivity. Its
central methodological element is a flow-aware consol-
idation step that merges the fine-grained basins from
threshold-based delineation into planning-scale units,
so that the threshold seeds the delineation and the tar-
get unit size is set separately.

Run on HydroSHEDS level-5 basins intersecting In-
dia, the workflow processed basins of up to roughly
167,000 km? (about 185 million cells at 30m) in un-
der few hours on a single workstation, and produced
micro-watersheds with most of the micro-watersheds
between 100 ha and 1500 ha. The workflow now sup-
plies the base micro-watershed layers of CoRE Stack,
where they support community-level planning of water
interventions.

Several limitations remain. The initial delineation
threshold is currently a fixed constant based on
heuristics, and the framework has not yet been val-
idated against reference delineations or field-mapped
drainage. Depression handling is limited to filling, and
large RAM requirement for running the workflow on
larger basins suggest that tiling or parallelization would
be needed for continental-scale runs. Future work will
address these points: coming up with better set of pa-
rameters based on sound reasoning, adding breaching
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and hybrid conditioning options, evaluating the delin-
eations against existing micro-watershed atlases and
global products, and extending the workflow for conti-
nental level analysis and augmenting other hydrological
layers of interest.

7 Reproducibility Statement

All of the workflow is designed to run in a container-
ized environment using Docker. The repository for the
workflow along with instructions to set up and run the
workflow can be found at https://github.com/mas
tershubham/hydro_stack/.
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9 Appendix A: Literature Review

9.1 DEM-based Hydrological Modeling

The shift from manual, map-based watershed delin-
eation to automated, grid-based computation began
with the recognition that a DEM could be treated as a
discrete surface over which flow paths are determined
purely by local elevation differences. O’Callaghan and
Mark [4] formalized this with the deterministic eight-
direction (D8) flow model, in which each cell routes
its entire flow to the single steepest-descent neighbour
among its eight adjacent cells; this single-flow-direction
assumption, together with the accumulation step that
sums contributing area downstream along these paths,
remains the computational core on which most subse-
quent watershed and stream-network extraction meth-
ods, including ours, are built. Jenson and Domingue
[0] extended this into a practical, full pipeline for
DEM-based drainage analysis, coupling D8 flow di-
rection and accumulation with automated basin and
stream network delineation, and establishing much of
the processing sequence — fill, direction, accumulation,
threshold, delineate — that later tools, GRASS’s own
r.watershed included, continue to follow.
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The D8 model’s restriction to a single downslope
neighbour was quickly identified as a source of system-
atic error on convex, divergent terrain, where flow in
reality disperses across multiple downslope cells rather
than concentrating along one direction. Quinn et al.
[6] addressed this with a multiple-flow-direction (MFD)
model that partitions each cell’s flow across all downs-
lope neighbours in proportion to slope, better cap-
turing dispersive flow on hillslopes at the cost of a
less crisply defined single drainage path. Freeman
[7] proposed a related weighted multiple-flow-direction
scheme, while Tarboton [§] introduced the D-infinity
model, which allows flow to be routed along a continu-
ous angle between the two nearest downslope neigh-
bours rather than being constrained to eight fixed
directions, offering a middle ground between the di-
rectional precision of D8 and the dispersion of MFD
approaches. Comparative evaluations of these flow-
routing schemes have generally found that the choice
matters most on gentle or convex terrain, with D8 re-
maining adequate — and computationally preferable
— for channelized, convergent flow, which is the regime
most relevant to stream and micro-watershed delin-
eation as opposed to hillslope-scale dispersion mod-
elling. This is consistent with our use of the D8 scheme
as implemented in GRASS’s r.watershed, single-flow-
direction routing being sufficient once the DEM has
been properly conditioned and the analysis is focused
on concentrated drainage rather than sheet flow.

9.2 DEM Conditioning:
sions, and Flats

Sinks, Depres-

Raw DEMSs, particularly those derived from satellite
radar, contain spurious sinks and flat regions that dis-
rupt flow routing if left untreated . Two broad strate-
gies address this: depression filling, which raises sink
cells to the elevation of their lowest outlet, and de-
pression breaching, which instead carves a drainage
path through the obstruction. The choice between
filling and breaching is not merely a computational
preference: each alters the DEM’s surface differently,
and these alterations propagate into the derived hy-
drology. Lindsay and Creed [9] directly compared the
two strategies and showed that filling tends to widen
and flatten depressions, artificially enlarging flat re-
gions and distorting flow paths near the treated sink,
whereas breaching preserves the original terrain more
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faithfully by cutting a narrow channel through the ob-
struction, at the risk of carving drainage paths that do
not correspond to any real hydrological feature. Lind-
say [10] later proposed hybrid strategies that apply
breaching where it suffices and fall back to filling only
where necessary, aiming to combine the terrain fidelity
of breaching with the guaranteed drainability of filling.
These comparative findings motivate treating the de-
pressions removed during conditioning as informative
rather than incidental, since the same filling step that
enables flow routing also determines how much of the
original surface is altered in the process — a trade-off
directly relevant to our decision to retain depression
depth as a derived output rather than discarding it.

The flat regions produced by filling raise a related
but distinct problem: cells assigned identical elevation
have no defined downslope direction, so flow direction
cannot be resolved from elevation alone. Garbrecht and
Martz [11] addressed this by imposing an artificial two-
pass gradient across each flat — one pass biasing flow
away from higher terrain, the other toward the eventual
outlet — ensuring a unique, drainable flow direction is
assigned to every flat cell without perceptibly altering
the surrounding topography. This flat-resolution step
is now standard practice alongside depression filling,
and is the technique underlying the flat-handling stage
of our own DEM conditioning.

9.3 Watershed and Stream Network Delin-
eation

Threshold-based delineation extends the D8 accumula-
tion framework directly: a cell is classified as belonging
to the channel network once its contributing area ex-
ceeds a chosen accumulation threshold, and the set of
cells satisfying this condition is traced into a stream
network, with the divides between adjacent chan-
nels giving the corresponding basin boundaries. Jen-
son and Domingue [5] established this threshold-and-
trace approach as the standard basis for automated
stream and basin extraction from a conditioned DEM,
and it remains the mechanism underlying GRASS’s
own r.watershed and r.stream.extract, which our
pipeline builds directly on.

The threshold itself, however, is not a hydrologi-
cally fixed quantity: because it is specified in units
of contributing cells rather than physical area or dis-
charge, its effect depends on DEM resolution, and even
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at fixed resolution, varying it materially changes both
basin size and stream density. Tarboton [8] showed
that plotting basin or network properties against the
accumulation threshold reveals a characteristic scaling
behaviour, from which a threshold consistent with the
real, visually identifiable channel network can be iden-
tified rather than chosen arbitrarily. Montgomery and
Foufoula-Georgiou [12] further linked this threshold
to the physical transition between hillslope (diffusive)
and channelized (concentrated) flow, showing that the
appropriate threshold varies systematically with local
slope and terrain type rather than being a single con-
stant applicable everywhere. This sensitivity is pre-
cisely why our own pipeline treats the initial threshold
as a coarse, over-segmenting parameter, deferring the
determination of a hydrologically meaningful minimum
basin size to the merging step that follows delineation.

Once delineated, individual stream segments are
commonly organized into a drainage hierarchy using
one of two classical ordering schemes. Strahler [13]
assigns order strictly by branching structure: a seg-
ment’s order increases only when two channels of equal
order converge, making Strahler order a measure of a
segment’s topological prominence within the network.
Shreve [I4] instead defines order additively as the cu-
mulative count of upstream first-order channels feeding
a segment, giving a measure more directly proportional
to expected discharge and total contributing channel
count. Both schemes are widely used for identical net-
works and yield different, complementary rankings of
the same segments, which is why our pipeline computes
both rather than committing to a single ordering con-
vention.

Comparatively less attention has been given to the
step our pipeline relies on most directly: consolidat-
ing the many small, threshold-delineated basins into
fewer, larger units suitable for planning use. Most
existing tools stop at threshold-based delineation and
leave basin size implicitly determined by the chosen
threshold, rather than treating consolidation as a dis-
tinct, explicitly controlled step. Where basin merging
is addressed, it is typically framed as an aggregation
over an already-delineated basin hierarchy, rather than
as a flow-direction-aware relabelling of the underlying
raster basins themselves, as performed in our merging
procedure — suggesting this remains a comparatively
underexplored step in the DEM-based delineation lit-
erature relative to flow routing and network extraction.

9.4 Open-Source Hydrological GIS Tools

The algorithmic primitives described above — flow
direction, accumulation, threshold-based delineation,
and stream ordering — are implemented, with vary-
ing design choices, across several open-source GIS
packages. GRASS GIS provides these through
its native raster modules, principally r.watershed,
r.stream.extract, and r.stream.order, which sup-
port both D8 and, in r.watershed, a multiple-flow-
direction option, and integrate directly with GRASS’s
broader raster and vector processing environment.
TauDEM takes a more specialized, hydrology-focused
approach, built around the D-infinity flow model [§]
and designed explicitly for parallel execution on large
DEMs, making it well suited to continental- or global-
scale terrain processing. WhiteboxTools offers a com-
parable breadth of flow-routing and basin-delineation
algorithms — including D8, D-infinity, and MFD vari-
ants — packaged as a lightweight, dependency-minimal
command-line library, with an emphasis on ease of
scripting and integration into external workflows rather
than a full GIS environment.

These packages differ less in the hydrological algo-
rithms they implement, which by and large trace back
to the same lineage surveyed above, than in how they
are meant to be used: GRASS GIS is a full geospa-
tial processing environment within which hydrologi-
cal analysis is one of many capabilities, TauDEM is a
specialized, performance-oriented toolkit for large-scale
terrain analysis, and WhiteboxTools prioritizes a min-
imal, scriptable interface. None of the three, however,
ships with an end-to-end, region-agnostic pipeline that
takes an arbitrary area of interest and autonomously
resolves projection, acquires elevation data, and pro-
ceeds through delineation to a consolidated set of
planning-ready outputs; in each case, this remains the
responsibility of the user to script around the underly-
ing modules. Our pipeline is built natively on GRASS
GIS specifically because it offers both the flow-routing
modules needed for delineation and a full vector and
attribute-table processing environment for the connec-
tivity and catchment-ordering steps that follow, allow-
ing the complete workflow — from raw boundary vec-
tor to final micro-watershed layers — to be expressed
as a single reproducible script rather than a set of tools
invoked separately.
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9.5 Global Hydrographic Products

HydroSHEDS [15] was among the first global hydro-
graphic products to make consistently derived basin
and stream network layers available at near-global cov-
erage, built from void-filled and hydrologically condi-
tioned SRTM elevation data at 3 arc-second (roughly
90 m) resolution. Its derivation follows the same
conditioning-and-flow-routing lineage surveyed above
— depression filling, D8 flow direction and accumula-
tion, and threshold-based stream and basin extraction
— but applied once, at a single fixed set of thresh-
olds and resolution, to produce a uniform, versioned
set of layers covering river networks, basin boundaries
at multiple nested scales, and flow direction and accu-
mulation rasters themselves distributed as static down-
loads.

More recent products have extended this same
paradigm rather than departing from it. MERIT-
Hydro [16] improves on HydroSHEDS’s underlying el-
evation data by correcting known SRTM error sources
— vegetation bias, stripe noise, and absolute bias —
before applying a broadly similar conditioning and
flow-routing pipeline at finer, 3 arc-second resolu-
tion globally. MERIT-Basins [I7] in turn builds a
global basin and river-reach delineation on top of the
MERIT-Hydro flow direction layer, again released as a
fixed, pre-computed dataset rather than a reproducible
pipeline that a user can re-run with a different thresh-
old or region-specific elevation source.

This pattern is common to all three products: each
substantially improves the fidelity or coverage of its
predecessor’s input elevation data or derived layers,
but each is released as a static, one-time computation
rather than as an adaptable workflow. The thresholds
governing stream and basin delineation are fixed glob-
ally, chosen to be broadly reasonable across highly var-
ied terrain rather than tuned to any particular region’s
drainage characteristics; the resulting layers are ver-
sioned snapshots rather than something a practitioner
can regenerate with an updated elevation source or a
locally appropriate minimum basin size; and none of
the three exposes the underlying pipeline as a script
a user can point at an arbitrary new area of interest.
These are precisely the limitations — fixed thresholds,
static releases, and lack of regional adaptability — that
motivate the open, region-agnostic pipeline presented
in this paper.
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9.6 Applications in Water Security and Lo-
cal Planning

Basin- and sub-basin-scale hydrography, of the kind
produced by HydroSHEDS and similar global prod-
ucts, is well suited to broad-scale analysis — re-
gional water balance, transboundary river manage-
ment, large-scale flood modelling — but is coarser than
what most local-level planning decisions actually re-
quire. Programs concerned with irrigation scheduling,
groundwater recharge structure siting, soil and water
conservation, or watershed development more gener-
ally operate at the scale of individual fields, clusters of
villages, or single drainage lines, which is precisely the
micro-watershed rather than the basin or sub-basin.
India’s watershed development programs are among
the most extensive applied examples of planning or-
ganized explicitly at this scale. Soil and Land Use
Survey of India [I8] describes how national watershed
guidelines adopt micro-watersheds of a few hundred to
a few thousand hectares as the fundamental unit for
treatment planning, on the grounds that a unit of this
size is both hydrologically coherent — draining to a
single, identifiable point — and small enough to be lo-
cally governed and treated as a coherent intervention
area by a village community or implementing agency.
Groundwater recharge structure siting depends on this
same scale for a related but distinct reason: identify-
ing where a check dam, percolation tank, or recharge
trench will actually intercept and retain runoff requires
knowing the specific drainage line and contributing
area at that point, not merely which larger basin the
site falls within. Irrigation planning imposes a simi-
lar requirement, since command area delineation and
water availability assessment are naturally organized
around the same small, locally drained units that a
farmer or irrigation scheme actually operates within.

Across these applications, the common requirement
is a delineation fine enough to be locally actionable,
together with drainage topology that is explicit and
traceable — a micro-watershed cannot be planned in
isolation from what lies immediately upstream and
downstream of it, since inteventions in one unit affect
runoff and recharge in its neighbours. This is precisely
what basin- or sub-basin-scale global products do not
provide, and what motivates a workflow that delineates
directly at the micro-watershed scale while retaining
explicit inter-basin connectivity, as described in this
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paper.
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