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22 Abstract.

23 Global hydrological models still run at tens of kilometers, too coarse to resolve local floods;
24 hyperresolution, about 1 km globally and 100 m continentally, remains the goal. With the network
25  already mapped, the cost has shifted from mapping it to computing over it: refining a 10 km grid

26 to 1 km multiplies cells a hundredfold, and deeper, longer flow paths make routing climb several
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27  hundredfold. Yet how a flow network should be organized has rarely been studied, though that
28  organization governs the cost as much as the hardware. On the global 90 m MERIT Hydro network
29  of 22.2 billion land pixels, we show how three structural choices do so: ordering sets locality in a
30  core's private cache, layering in the shared cache, and partitioning balances load across processors
31  without communication. Because the network is static, each structure is precomputed once from
32 D8 flow directions and released as MERIT-FlowTopo v1.0, a reusable foundation any model
33  traversing the network in drainage order reads instead of rebuilding. Across four terrain kernels
34 (the elementary memory-bound step shared by routing computations on the fixed network), depth-
35  first ordering cuts serial runtime up to 5.1-fold and lowers the simulated L3 cache-miss rate from
36  about 37% to 6%, while a conflict-free downstream layering introduced here keeps converging
37  flows lock-free and deterministic without atomic operations. MERIT-FlowTopo extends MERIT
38  Hydro from a map to a basis for computing on it, fixing in the data the locality, scheduling, and

39  load balance hyperresolution would otherwise demand as parallel-computing expertise.

40
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41 1. Introduction

42  Rivers integrate the terrestrial water cycle, draining the continents through a branching network
43  that governs where water gathers and where floods and droughts strike (Allen & Pavelsky, 2018;

44  Wau et al., 2014). Predicting these dynamics rests on simulating water moving over this network

45  step by step through time. Mainstream global models still do so at the tens-of-kilometer scale: HO8

46  at 1° (about 110 km; Hanasaki et al., 2008), WaterGAP at 0.5° (Miiller Schmied et al., 2021),

47  CaMa-Flood at 0.25° to 0.1° (Yamazaki et al., 2011, 2013), and PCR-GLOBWB 2 at 5 arcmin

48  (Sutanudjaja et al., 2018). Operational forecasting remains coarse too: the Global Flood

49  Monitoring System at 0.125° (Wu et al., 2014) and the Global Flood Awareness System at 0.1°

50  (Alfieri et al., 2013), only recently upgraded to 0.05° (GloFAS v4.0; Grimaldi et al., 2023). At this

51  scale a grid cell spans an entire landscape, averaging over the heterogeneity that controls runoff
52 and the local detail that flood, drought, and water-resource prediction depend on. Wood et al. (2011)
53 framed hyperresolution modeling (about 1 km globally, approaching 100 m at the continental scale)
54  as a grand challenge for monitoring Earth's terrestrial water. The community took up the agenda

55  (Bierkens et al., 2015), even as some asked whether resolution alone would suffice without better

56  subgrid processes (Beven & Cloke, 2012; Melsen et al., 2016; Wood et al., 2012).

57

58  This agenda rests on a drainage network that is already mapped at the resolution it calls for. That

59  network is encoded by a single primitive: the D8 flow-direction scheme, which assigns each pixel

60  one steepest-descent receiver (O'Callaghan & Mark, 1984) and has been the backbone of digital

61  hydrography ever since (Wu et al., 2012). Dispersive alternatives such as the multiple-flow-

62  direction scheme (MFD; Quinn et al., 1991) and Doo (Tarboton, 1997) resolve hillslope flow more

63  realistically, but D8 remains the continental- and global-scale standard for its unambiguous

64  connectivity. On this primitive, global hydrography has sharpened in step with its underlying
3
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65  digital elevation models (DEMs): HydroSHEDS at 15 arcsec (about 500 m) from the Shuttle Radar
66  Topography Mission (SRTM) DEM (Farr et al., 2007; Lehner et al., 2008), and MERIT Hydro at
67 3 arcsec (about 90 m) from the MERIT DEM (Yamazaki et al., 2017, 2019), the finest released
68  global flow-direction product to date. A 1 arcsec (about 30 m) global successor on the TanDEM-
69 X DEM is in production (HydroSHEDS v2), and the National Hydrography Dataset Plus resolves
70  the contiguous United States at about 10 m from 3D Elevation Program (3DEP) elevation data
71  (Moore et al., 2019). To run at a coarser grid, the network is upscaled by established algorithms
72 (Eilander et al., 2021; Wu et al., 2011; Yamazaki et al., 2009), preserving the drainage structure
73  but discarding native resolution. The network every flow computation depends on is therefore
74  already mapped globally at hyperresolution, and finer where data allow. The mapped network still
75  has limitations: the single-receiver D8 network omits bifurcations and distributaries, and the
76  hydraulic parameters a routing scheme needs, such as channel width and depth, remain uncertain
77  atevery resolution. This study addresses the cost of computing over the network as mapped.

78

79  For hyperresolution global hydrology (Wood et al., 2011), one binding constraint has shifted from
80  mapping the network to computing over it. Recent work has pushed finer: ParFlow resolves the
81  contiguous United States at 1 km (Maxwell et al., 2015); PCR-GLOBWB has reached 30 arcsec
82  (about 1 km), first over Europe (Hoch et al., 2023) then globally (van Jaarsveld et al., 2025), with
83  a groundwater counterpart at the same resolution (Verkaik et al., 2024); and grid-based flow
84  routing has reached 90 m (Jiang et al., 2025a). Computing at these resolutions is costly. The first
85  global 30 arcsec model, a 35-year daily run, would take roughly 4.5 years on a single core; even
86  across 6,528 cores it ran 17 days, against under 3 days on 1,696 cores at the coarser 5 arcmin (van

87  Jaarsveld et al., 2025). Its groundwater companion is no lighter: the largest continental run would
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88  take about four and a half months on one core, and a 16-hour target took 12 nodes, 384 cores
89  (Verkaik et al., 2024). Each step finer compounds it: refining today's 10 km grids to 1 km multiplies
90 the cells a hundredfold, while the deeper, longer flow paths and the shorter time steps that finer
91  cells require make the total routing cost climb several hundredfold. Making this computation
92  efficient is the next step.
93
94  That efficiency has been pursued on two fronts: more hardware, and the parallel algorithms to
95  exploit it. The parallelism is inherent: D8 flow directions give each pixel a single downstream
96  receiver and a strict upstream-to-downstream dependency, yet parts that share no dependency
97  advance concurrently, across processors and within each. Across processors, the division takes
98  two forms. The first divides the domain along the drainage hierarchy: each processor receives
99  whole basins with no flow between them, so processors never communicate, as in PCR-GLOBWB,
100  whose 5 arcmin domain splits into 53 basin groups (Sutanudjaja et al., 2018), a design carried to
101  its global 30 arcsec successor (van Jaarsveld et al., 2025). The second cuts across it: a basin is split
102 between processors, which then exchange information at subdomain boundaries by message
103 passing (MPI; RAPID: David et al., 2011; J. Liu et al., 2016; mizuRoute: Mizukami et al., 2021).
104  Within a processor, finer schemes order the network into layers and advance a basin's independent
105  pixels together across cores (Jiang et al., 2025a; J. Liu et al., 2014; LISFLOOD: van der Knijff et
106  al.,2010), and most recently routing has moved to graphics processing units (GPUs) (Freitas et al.,
107  2022; Kangetal.,2025; Y.-H. Liu et al., 2023). Adding cores, though, reaches a limit the hardware
108  cannot cross: each kernel touches every pixel with little computation, so cost follows data
109  movement rather than arithmetic, set by how the network moves through the memory hierarchy.

110 How the traversal beneath these designs is organized governs that movement, yet it has owed more
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111 to developer experience than to any measured account of its cost, which coarse resolution long
112 kept negligible.

113

114  That organization takes three forms, each meeting the machine at a different level. At
115  hyperresolution a single layer of the network runs to several gigabytes, far past a cache of kilobytes
116  to megabytes, so what governs the cost is where the traversal sits against the machine, not how
117 much arithmetic it does. The kernels benchmarked here are light, but they are the elementary step
118  of the heavier computations the framework targets, where the pressure only grows. On one core,
119  the order in which pixels are visited sets cache locality: a network far larger than cache leaves the
120  order to decide whether a pixel's neighbor is still cached when reached, or must be fetched from
121  main memory. Across the many cores of a processor, how the network is layered sets locality in
122 the cache they share, whether each layer's gigabytes fit it or spill to main memory. Across several
123 processors, how the domain is partitioned sets load balance and communication: split along the
124 drainage hierarchy, the pieces stay independent, yet an oversized basin can leave other processors
125  idle. The propagation manner, whether receivers gather values or donors scatter them, is a fourth
126  choice left implicit in the designs above: push keeps only the downstream receiver that D8 already
127  encodes but collides where tributaries meet, and a conflict-free downstream layering resolves the
128  collision so push stays lock-free. At coarse resolution the network fits in cache, spreads over a few
129  processors, and the choices cost little; at 90 m, all of them bind.

130

131  The few studies comparing these choices confirm they matter: depth-first ordering leaves fewer
132 cross-domain dependencies than breadth-first (Y.-H. Liu et al., 2023), outlet-anchored layering

133 balances the load better than headwater-anchored (Jiang et al., 2025a), and atomic push runs faster
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134 than pull or task scheduling for accumulation (Kotyra et al., 2021). Each isolated a single axis for
135  asingle kernel within its own cost model, observing that organization matters without tracing it to
136  the data locality behind it. We are not aware of a study that compares these choices together across
137  multiple kernels at global scale, or that asks whether precomputing these structures once could
138  make them reusable across tools and runs. Table 1 surveys how terrain-analysis software, flow-
139  routing models, landscape-evolution codes, and recent parallel-algorithm studies resolve the D8
140  flow-direction dependency, organized by the granularity of the precomputed structure.

141  Table 1. Methods for resolving the D8 flow-direction dependency, organized by the granularity of
142 the precomputed structure. Entries span terrain-analysis software, flow-routing models, landscape-
143 evolution codes, and recent parallel-algorithm studies; software appearing in multiple rows

144 implements multiple methods. Entries marked “this work™ are implemented in this study.

Class Method Software & references

Order-free  (no | Locality (packing) order | CaMa-Flood (Yamazaki et al., 2011); RVIC (Hamman et al.,
precomputed 2018); mizuRoute-IRF (Mizukami et al., 2016); MOSART
order) (Li et al., 2013); WRF-Hydro (Gochis et al., 2018); xanthos

(Lietal., 2017)

Fine-grained, Topological sort from | WhiteboxTools (Lindsay, 2016); RichDEM (Barnes, 2017);
sequential (pixel- | the sources TauDEM (Tarboton, 1997); TopoToolbox (Schwanghart &
level order) Scherler, 2014); pysheds (Bartos, 2020); mRM (Thober et

al., 2019); SWAT+ (Bieger et al., 2017); PRMS (Markstrom
et al., 2015); HYPE (Lindstrom et al., 2010); HRR (Beighley
et al., 2009); MGB (Collischonn et al., 2007); RHESSys
(Tague & Band, 2004); WBM (Wisser et al., 2010);

MODFLOW 6-SFR (Langevin et al., 2017);
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this work

Breadth-first search

from the pit

pyflwdir (Eilander et al., 2021); Y.-H. Liu et al. (2023);

this work

Depth-first search from

the pit

Landlab (Hobley et al., 2017); fastscapelib (Braun & Willett,
2013); LSDTopoTools (Mudd et al., 2014); PCRaster
(Karssenberg et al., 2010); melfp, meshed (Cho, 2025b,
2025a); PCR-GLOBWB (Sutanudjaja et al., 2018); t-route
(NOAA Office of Water Prediction, 2023); mizuRoute-KWT
(Mizukami et al., 2016); wflow (van Verseveld et al., 2024);
DRYP (Quichimbo et al., 2021); Barnes (2019); Y.-H. Liu et

al. (2023);

this work

Fine-grained,
parallel  (pixel-

level layers)

As-soon-as-possible

layering

mefa (Cho, 2023); Kotyra et al. (2021); Sten et al. (2016);
RAPID (David et al., 2011); Richardson et al. (2014); Jiang

et al. (2025a);

this work

Conflict-free

downstream layering

this work

As-late-as-possible

LISFLOOD (van der Knijff et al., 2010); J. Liu et al. (2014);

layering Barnes (2019); Jiang et al. (2025a);
this work
Coarse-grained Partition across the | TauDEM (Wallis et al., 2009); RichDEM (Barnes, 2017);
(subregion drainage hierarchy | mizuRoute (Mizukami et al., 2016, 2021); RAPID (David et
partition) al., 2011); HRR (Beighley et al., 2009); WRF-Hydro (Gochis
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(runtime exchange, | et al., 2018); asynch (Small et al., 2013); J. Liu et al. (2016);

typically MPI) Avesani et al. (2021); Y.-H. Liu et al. (2023)

Partition along the | PCR-GLOBWB (Sutanudjaja et al., 2018; van Jaarsveld et
drainage hierarchy | al., 2025);

(communication-free) this work

145

146

147  This study provides a systematic account of how a flow network’s organization governs the cost
148  of computing over it. From the static D8 field, the framework precomputes a reusable library of
149  structures: three serial orderings; three parallel layerings, one of them conflict-free downstream
150 layering, introduced here, which removes the write conflict by scheduling, so push runs lock-free
151  and deterministic for any kernel, even Strahler stream order. Two partitions keep every piece
152  independent without message passing: a basin-level partition, and a subbasin-level partition,
153  introduced here, that splits a region’s dominant basin along its mainstem to balance the load across
154  processors. Each is stored as a raster. Across four kernels (flow length downstream, flow length
155  upstream, Strahler stream order, and upstream drainage area) on the global 90 m network of 22.2
156  billion land pixels in 65 regions, we measure how ordering, layering, and partition together set
157  performance, and distill recommendations for the best combination at each kernel and scale. The
158  structures are released openly as MERIT-FlowTopo v1.0, and the kernel products derived from
159  them as MERIT-DrainAttr v1.0. Just as shared flow-direction products spared every study its own
160  mapping, this precomputed topology spares every run its own organization: the locality,
161  scheduling, and load balance that otherwise demand parallel-computing expertise come fixed in

162  the data, and a kernel simply reads them.
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163 2. Explicit topological representations of the drainage network

164  Every structure in this study is built from a single static, two-dimensional D8 flow-direction raster.
165  The raster is first flattened into a compact set of one-dimensional arrays. From these, the
166  framework builds three serial sequences, each ordering the pixels into one upstream-to-
167  downstream pass, and three parallel layerings, each grouping independent pixels into layers a
168  machine processes at once. A spatial decomposition then splits the domain into balanced, basin-
169  based subregions for multi-processor machines. A running example, a 10 x 10 grid with two basins
170  (basin 1 in blue, basin 2 in green), carries through Figures 1-4. Each structure below is described
171  in the direction it is built, either upstream-to-downstream from the headwaters or downstream-to-

172 upstream from the outlet, so its construction reads directly from the figures.

173 2.1 Grid-based dependency representation

174  Figure 1 shows the data structures that make the flow-direction dependencies explicit. The two-
175  dimensional D8 flow-direction raster (dir; Figure 1a) stores at each pixel a code for the neighbor
176 it drains to, under the standard power-of-two encoding. This code is relative: finding a pixel's
177  receiver means decoding the direction and locating that neighbor, so the dependency is only
178  implicit and ill-suited to traversal and accumulation. Flattening the grid makes it explicit. Each
179  pixel takes an absolute linear index, row x ncols + col, forming the array idxs (Figure 1b), and a
180  pixel at index N is written iN. Resolving its D8 code against these indices gives the downstream
181  pointer idxs_ds (Figure 1c), where idxs_ds[i] is the index of the pixel that i drains to, its receiver;
182  the pixels that drain into i are its donors (after Braun & Willett, 2013). Outlets, having no receiver,
183  point to themselves; each is the pit at the root of its D8 tree. These pointers make the network a
184  directed forest rooted at the outlets, the explicit dependency every ordering in this section traverses.
185  Inthe example, the arrays span all 100 pixels so any one is indexed directly, but only the 73 inside

186  the two basins hold data; the rest are NoData and stay out of every traversal.

10
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(a) D8 flow direction (dir) (b) One-dimensional linear indices (idxs) (c) One-dimensional downstream indices (idxs_ds)
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188  Figure 1. Common representations of flow-direction dependencies for an example with two basins
189  (basin 1, blue; basin 2, green). (a) D8 flow-direction codes (dir) in the standard power-of-two
190  encoding on the two-dimensional grid, with red arrows from each pixel to its receiver. (b) Linear
191  pixel indices (idxs = row x ncols + col), with the same receiver arrows. (¢) Downstream pointers
192 (idxs_ds): each pixel stores the linear index of its receiver (pits point to themselves). Gray pixel
193 values are invalid (no-data) locations outside the drainage network; this convention, and the basin

194  colors, recur in the figures that follow.

195 2.2 Serial traversal sequences

196  Building on these arrays, a serial sequence linearizes the example's 73 valid pixels into a single
197  order consistent with the upstream-to-downstream dependency. Figure 2 shows three topological
198  orderings that construct it, each drawn in the direction it is built. The topological sort from the
199  sources (Figure 2a) advances upstream-to-downstream: it counts each pixel’s in-degree and seeds
200  aqueue with the zero-in-degree headwaters. As each pixel is dequeued and emitted, its downstream
201  neighbor’s in-degree drops by one, and the neighbor joins the queue once the count reaches zero.
202  This is Kahn’s algorithm, which emits pixels directly in topological order. The breadth-first search
203  from the pit sequence (Figure 2b) starts at the outlets and expands upstream through donor lists,
204  emitting all pixels at one distance from the outlet before the next, so the sequence is built

205  downstream-to-upstream, with the outlet first. The depth-first search from the pit sequence (Figure

11
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206  2c) also starts at the outlets but follows each tributary to its headwater before backtracking,
207  descending the largest-area tributary first; like the breadth-first search from the pit, it is built
208  downstream-to-upstream. The three orderings traverse the same 73 pixels but arrange siblings at
209  equal topological depth differently, producing the distinct memory-access patterns that govern

210  serial performance.

(a) Topological sort from the sources (Moo, U2D) (b) Breadth-first search from the pit (r",,s, D2V) (c) Depth-first search from the pit (vg,s, D2u)
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212 Figure 2. Three serial traversal orders of the same network, each drawn as a raster of per-pixel visit
213 rank in the order's natural direction, with the D8 receiver arrows overlaid. (a) Topological sort
214  from the sources, built by Kahn's algorithm from zero-in-degree pixels and traversed upstream-to-
215  downstream, so rank 0 is a headwater. (b) Breadth-first search from the pit, and (c) depth-first
216  search from the pit, both traversed downstream-to-upstream, so rank O is the outlet; in (c) the

217  donors at each confluence are visited in order of decreasing upstream drainage area.

218 2.3 Parallel layering schemes

219  Where a serial sequence handles pixels one at a time, a parallel layering groups pixels into ordered
220  layers whose members are mutually independent and run concurrently. Figure 3 shows three such
221  layerings, each again drawn in the direction it is built. As-soon-as-possible layering (Figure 3a)
222 places every headwater pixel in layer 0 and expands downstream, assigning each pixel to one layer
223 beyond the highest layer among its upstream neighbors, its earliest legal layer. This front-loads the
224 hierarchy: 33 of the 73 pixels sit in layer 0 and 59 (81%) within the first three layers. Conflict-free

12
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225  downstream layering (Figure 3b) adds a single constraint to the as-soon-as-possible construction,
226  that no two pixels in a layer share a receiver, deferring any conflicting pixel to the next layer.
227  Pixels i3, i4, and i5, for instance, all drain into 114, so conflict-free downstream layering keeps i3
228  in layer 0 and moves i4 and i5 to later layers. Removing within-layer write conflicts in this way
229  permits lock-free push updates at confluences, at the cost of more layers. As-late-as-possible
230 layering (Figure 3c), which anchors each pixel at its outlet (outlet-anchored), is built the other way,
231  from the outlet up: each pixel takes its step count to the outlet, the outlet at 0 and the count rising
232 toward the headwaters. Because each pixel has a single downstream path to the outlet, this count
233 is unambiguous. The result spreads pixels far more evenly across layers than the two headwater-
234  anchored schemes. The three layerings group the same 73 pixels into layers differently, nine for
235  as-soon-as-possible and as-late-as-possible layering, twelve for conflict-free downstream layering,

236  producing the locality, load balance, and lock-free concurrency that govern parallel performance.

(a) As-soon-as-possible layering (fasap, U2D) (b) Conflict-free downstream layering (£cias, U2D) (c) As-late-as-possible layering ((;‘ap‘ D2V)
00 0 0 O O O o1 2 0 0 0 A1 8 8 8 8 8 8 8
avyK ¥ ¥ v K av K ¥ K v K vy ¥ K v K
o o 1t 1 1 0 1 0 o 0o 3 1 1 0 2 0 7. 7 7 7 7 7 8
4 avy ¥ ¥ ¥ ¥ 4 avyK ¥ ¥ ¥ K 4 avy¥K ¥ ¥ ¥ ¥
0 0»2 2 2 1 2«1 «0 0 2»3 4 2 1 4 43 <1 8 7»6 6 6 6 6 «7 <8
L R L R L A
0 0 1 0 3 2 3«0 0 O 0O 0 1t 0 5 2 5«0 0 2 5 5 7 5 5 5 5«6 7 8
4 4 av K K 4 4 av K ¥ 4 4 av K ¥
i1 0 4 4 0 0 0 O i 1. 0 6 7 0 0 0 O 4 4 4 4 4 4 4 5 6
4 4 avy¥ ¥ ¥ ¥ K 4 4 avyK ¥ ¥ ¥ ¥ 4 4 avy¥ ¥ ¥ ¥ K
0o 2 2 5 1 1 1 0 0o 2 2 8 i 1 1 0 3 3 3 3 3 383 4 5 4
4V avy ¥ ¥ ¥ ¥ 4V av ¥y ¥ ¥ ¥ ¥ 4V av ¥y ¥ ¥ ¥ ¥
0»3 0 6 4«3 <2 1 0 13 0 9 4«3 <«2 1 0 3»2 2 2 243 <4 3 3
v K ¥ K 4V K X 4 v K ¥ K
0o 7 5 0 2 1 0 0 10 5 0 2 1 0 11 1 2 2 2 2
4V K v K K 4V K v K K 4V K v K K
8 3.2 1 11 3.2 1 0 1 1 1
4V K 4V K 4V K
2 3 7 4 4 0

238  Figure 3. Three parallel layering schemes for the two-basin example, each a raster of the per-pixel
239  layer index with the receiver arrows overlaid. (a) As-soon-as-possible layering: a breadth-first
240  sweep from the headwaters, so layer O is at the headwaters and the index grows upstream-to-
241  downstream. (b) Conflict-free downstream layering: as-soon-as-possible with the added constraint

242  that no two pixels in a layer share a receiver, so a layer can be updated by push without conflict.
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243 (c) As-late-as-possible layering, drawn as the per-pixel rank (step count to the outlet), so layer 0

244 is at the pit.

245 2.4 Spatial partitioning domains

246  Parallel execution over the global domain also requires splitting it into subregions, each processed
247  independently by a separate processor. Two strategies do this, shown in Figure 4 on the two-basin
248  example mapped onto two subregions, with the intermediate decomposition step in panel (b).
249  Basin-level partitioning (Figure 4a) weights each basin by its pixel count and assigns whole basins
250  to subregions; when one basin dominates, this balances poorly: basin 1 (62 pixels) and basin 2 (11
251  pixels) cannot be split evenly, leaving one subregion nearly idle. Subbasin-level partitioning
252 (Figure 4b, c¢) eases this imbalance by decomposing the dominant basin along its mainstem.
253  Walking upstream from the outlet and taking the larger-area tributary at each confluence isolates
254  the mainstem and its tributary subtrees; a subtree can then be reassigned to the lighter subregion
255  (Figure 4b), yielding a balanced partition (Figure 4c). The mainstem is processed after its tributary
256  subtrees complete; it holds a negligible share of the pixels, so this final stage adds little to the
257  runtime. Because both strategies partition along the drainage hierarchy (whole basins, or subbasins
258  staged along the mainstem), no values cross subregion boundaries at runtime, and the subregions

259  are computationally independent.

(a) Imbalanced partition (62 : 11 cells) (b) Dominant-basin decomposition (c) Balanced partition (34 : 35 + 4 mainstem)
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261  Figure 4. The load-balancing problem and its remedy, on the two-basin example (pixel labels are
262  linear indices; background color gives the subregion a pixel is assigned to). (a) Imbalanced
263  partition: keeping each basin whole leaves the two subregions badly unbalanced when one basin
264  dominates. (b) Dominant-basin decomposition: the dominant basin is split along its mainstem and
265  its tributary subtrees are reassigned; mainstem pixels are outlined in black and processed as a final
266  stage after both subregions complete. (c¢) Balanced partition: the reassignment evens the two

267  subregions, the basis of subbasin-level partitioning.

268 3. Benchmark kernels and propagation manners

269  Four kernels run on the precomputed structures and span the dependency patterns that arise in
270  flow-network computation. Flow length downstream propagates from the outlet upward: each
271  pixel takes its receiver’s value and adds the center-to-center step, equal on the schematic grid to
272 the pixel size in the cardinal directions and 2 times the pixel size in the diagonal directions, and
273 on the geographic grid to the distance between pixel centers from the latitude-dependent meters
274  per degree, so every pixel depends on exactly one downstream pixel. The remaining three
275  propagate upstream-to-downstream, where several upstream donors meet at one receiver. Flow
276  length upstream takes, over a receiver's donors, the greatest of each donor's path length plus its
277  own donor-to-receiver step. Strahler stream order keeps the largest order among a receiver's donors
278  and increments it only when two or more donors carry that largest order. Upstream drainage area
279  starts each pixel at its own cell area and sums the contributing areas of all donors into the receiver.
280  This downstream accumulation of an additive quantity is the upstream-inflow step that routing on
281  a fixed single-receiver network repeats as it carries water from headwaters to outlets, so upstream
282  drainage area is the closest of the four to one step of that routing. Schemes that resolve backwater

283  add a dependence on downstream state, and flow reversal and bifurcation break the single-receiver
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284  assumption; a one-way accumulation represents none of these (Sect. 6.4). Figures A1-A4 walk
285  through one kernel each, step by step over the layers of the two-basin example: flow length
286  downstream (Figure Al), flow length upstream (Figure A2), Strahler stream order (Figure A3),
287  and upstream drainage area (Figure A4).

288

289  These kernels can be computed under three propagation manners, contrasted at a confluence in
290  Figure 5. Pull (Figure 5a) has every receiver gather the values of its donors and write only itself,
291  so concurrent updates never collide. The other two scatter, with every donor writing into its shared
292 receiver, where simultaneous writes would race: atomic push (Figure 5b) serializes the colliding
293 writes through hardware atomics, whereas push (Figure 5c) relies on the conflict-free downstream
294  layering, which separates donors that share a receiver into different layers so the writes stay lock-
295  free. The kernel's operator decides which manners apply. Flow length downstream, with a single
296  downstream neighbor per pixel, has nothing to scatter and uses pull alone. The maximum and the
297  sum are associative and commutative, so flow length upstream and upstream drainage area admit
298  all three. Atomic push, however, sums in a run-dependent order, so for these accumulations push
299  under conflict-free downstream layering is the deterministic alternative. The Strahler rule is not
300  associative (its result depends on all donors at once), so no atomic addition can express it, and it

301  admits only pull (Figure 5a) or push (Figure 5c¢).
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302

303  Figure 5. Schematic of the three propagation manners at a D8 confluence, where a receiver
304  accumulates from its donors (up to eight neighbors, here four carrying flow; empty slots gray). (a)
305  Pull: the receiver reads its donors and writes only itself, so the gather has no write conflict and is
306  deterministic. (b) Atomic push: each donor adds into the receiver through a hardware atomic that
307  serializes the writers in an unspecified order, so the result can vary across runs when the operation
308 is non-associative, as in floating-point summation. (c) Push under conflict-free downstream
309 layering: each donor reaches the receiver through its own layer, so at most one writer arrives per
310 layer and the same push is lock-free and deterministic. Each panel gives the update rule for the

311  receiver and the resulting property.

312 4. Application to the global 90 m MERIT Hydro network

313 Sections 2 and 3 introduced the representations and the four kernels on a small two-basin example;
314  this section applies them at scale to the global 90 m MERIT Hydro network and measures what
315  each choice of organization costs. Each kernel, flow length downstream, flow length upstream,
316  Strahler stream order, and upstream drainage area, is run serially over each of the three sequences

317  and in parallel over each of the three layerings under the propagation manners it admits (Sect. 3);
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318  upstream drainage area is additionally scaled across the four processors under the two partitions.
319  All runs cover the global network, with per-region times summed over the 65 regions, and we
320  report both runtime and the memory-locality metrics that explain the differences among the

321  representations.

322 4.1 Input data
323 The global 90 m MERIT Hydro flow-direction dataset (Yamazaki et al., 2019) provides the input

324 topology. It spans 180° W to 180° E and 85° N to 60° S, a grid of roughly 174,000 rows by 432,000
325  columns (75.17 billion pixels), of which 22.24 billion (29.6%) are land pixels that define the
326  continental domain. Kernels defined on the drainage network instead use the roughly 0.44 billion
327  pixels whose upstream drainage area exceeds 10 km?, the threshold HydroSHEDS adopts to
328  delineate the river network (Lehner et al., 2008). The global domain is partitioned into 96 basin-
329  consistent hydrological regions, each enclosing only complete drainage basins and bounded within
330  38° x 38° (Jiang et al., 2026a); this bound keeps every region's array dimensions and index ranges
331  within 32-bit integer limits. The 65 continental regions (Figure 6a) are the ones analyzed and
332 released here. Region 43, in southern China (Figure 6b), serves as the example region for the per-
333  region memory-locality analyses, while an example basin within it (Figure 6¢), a 731 km? coastal

334  catchment ranked 8,595th by drainage area worldwide, is used for visualization.

18



https://doi.org/10.5194/egusphere-2026-5497
Preprint. Discussion started: 3 November 2026 EG U
© Author(s) 2026. CC BY 4.0 License. sphere

(a) Global region partition
;.a-
60
30+
(0]
©
2
T 0
|
-30
—60
-180 -120 -60 0 60 120 180
Longitude
(b) Example region 43
Example basin: 8595
401 b 2 Sl WS N M
S *°4 V¥V Basinoutlet
3 ; 1000
%7 800 E
) ® S
g g 5
£30 E 600 S
3 3 2429 8
. 400 i
254
200
20 . ) o
1172 1175 1178 118.0
90 100 110 120 Longitude
335 Longitude

336  Figure 6. Study region. (a) Global partition of the land surface into hydrological regions, each in a
337  distinct color and labeled by its identifier; Region 43 (southern China) is outlined in blue and the
338  example basin is marked by a red rectangle. (b) The basins of Region 43, each in a distinct color.
339  (c) Elevation of the example basin (drainage area = 731 km?) from the 90 m MERIT Hydro digital

340  elevation model (DEM); the basin outline is red and the outlet is a red downward triangle.

341 4.2 Workflow

342  The framework converts the input flow-direction grid (Sect. 4.1) into a small library of reusable
343  traversal structures in a single preprocessing pass, run once before any kernel and independent of

344  the target machine. It first flattens the two-dimensional D8 raster into the shared one-dimensional
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345  index arrays of Figure 1: a linear index for every pixel and a pointer to its downstream receiver.
346 From these it builds the six structures introduced in Sect. 2, the three serial sequences of Figure 2,
347  each an ordered sequence for one-pass traversal, and the three parallel layerings of Figure 3, each
348  grouping mutually independent pixels for concurrent processing.

349

350  The pipeline runs on each of the 65 hydrological regions independently, so the framework never
351  holds the global domain in one array, and the global maps in this paper are assembled from the
352  per-region outputs for display only. Every structure is computed once and stored in a common
353  upstream-to-downstream orientation, with those built from the outlet reordered into it beforehand,
354  so that the three accumulating kernels read them forward and flow length downstream reads them
355  inreverse, without re-ordering.

356

357 One further structure depends on the machine. To run each region across the server's four
358  processors at once (Sect. 4.3), the graph partitioner METIS (Karypis & Kumar, 1998) divides it
359 into four parts, one per processor. It treats every local basin as a node weighted by its pixel count,
360 a proxy for runtime since each kernel scans every pixel once per layer or sweep. The four parts
361 come out contiguous and near-equal in weight, with no basin split across them. Basin-level
362  partitioning stops there, so when one basin dominates a region no cut can balance the parts and its
363  processor carries a disproportionate load. Subbasin-level partitioning adds a second stage that
364  splits the dominant basin along its mainstem (Figure 4), distributing the resulting subbasins across
365  the processors.

366 4.3 Computing environment and evaluation methods

367  All experiments ran on a shared-memory server at Sun Yat-sen University with four Intel Xeon
368  Platinum 8270 processors. Each processor holds 26 physical cores at a 2.70 GHz base frequency
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369  (4.00 GHz turbo) with hyper-threading, for 104 physical and 208 logical cores across the four
370  processors, each a non-uniform memory access (NUMA) node. Each core has a 32 KB L1 data
371  cache and a 1 MB L2 cache, and each processor shares a 35.75 MB L3 cache.

372

373  The code is written in C and compiled with GCC at -O3, and every run uses a NUMA-local
374  configuration with fixed OpenMP thread placement and static scheduling. Every reported time
375  measures the kernel computation alone: the propagation pass over the precomputed sequence or
376  layering (two passes for flow length upstream, Sect. 5.4), timed by a wall-clock timer placed
377  immediately around that pass. Reading the flow-direction grid and the stored structure, preparing
378  the traversal order, and writing the output raster all lie outside the timed region. Three thread
379  settings are reported: a single-thread serial baseline, parallel execution at 13 threads (half of one
380  processor), and a strong-scaling experiment that sweeps 4 to 13 threads and adds 26 threads at full
381  processor occupancy. Each setting repeats the kernel five times within a single launch; because
382  other users share the platform, the two largest elapsed times are discarded and the remaining three
383  averaged. This trimming suppresses contention spikes but cannot remove all run-to-run variability;
384  the residual is small relative to the between-representation differences the comparisons rest on, so
385 it does not change the reported rankings.

386

387  The four kernels are light: each does only an addition or a comparison per pixel, so their cost lies
388  in moving data through the memory hierarchy rather than in arithmetic, and memory locality
389  governs performance. Two families of metrics quantify it: for the serial sequences, a dependency
390 distance, a row-jump fraction, and L1, L2, and L3 miss rates from a set-associative cache

391  simulation; for the parallel layerings, a cache-line footprint, with the L1-L3 miss rates from the

21



https://doi.org/10.5194/egusphere-2026-5497
Preprint. Discussion started: 3 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

392  same cache simulation applied to the layered order. Their definitions (Eqs. B1-B4) and the cache
393  simulation are given in Table B1.

394

395 5. Results

396  The six topological representations (three serial orderings and three parallel layering schemes) and
397  the two domain partitions (basin-level and subbasin-level) are constructed once from the 90 m
398  MERIT Hydro dataset over the full continental domain of about 22.2 billion land pixels, of which
399  about 0.44 billion are river-channel pixels above a 10 km? upstream-area threshold. Sections 5.1
400 and 5.2 characterize the spatial structure and memory locality of the serial orders and the parallel
401  layerings, Sect. 5.3 the load balance of the two partitions, and Sect. 5.4 the serial, parallel, and
402  multi-processor runtime of the four benchmark kernels these properties govern. Locality is
403  quantified on the example Region 43, while the global maps and the load-balance statistics span

404  the full set of regions.

405 5.1 Serial ordering: global maps and memory locality

406  The three serial orders impose distinct spatial structures on the same flow network (Figure 7). The
407  topological sort from the sources (Figure 7a) increases smoothly from headwaters to outlets,
408  tracing the upstream-to-downstream propagation of the sort; within the example basin it resolves
409 into a fine dendritic pattern that follows the channel network. The breadth-first search from the pit
410  sequence (Figure 7b) advances level by level from the outlet, forming broad bands that widen
411  upstream and track flow length downstream. The depth-first search from the pit sequence (Figure
412 7c) follows each tributary to its head before backtracking, so the basin breaks into compact blocks,

413 one per subtributary, with sharp index jumps between adjacent tributaries but strong coherence
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414  within each. Because a sequential kernel walks the pixels in this order and each pixel accesses the
415  value at its downstream receiver, these structures govern how often that value is still cache-resident.
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417  Figure 7. Sequence index of the three serial orders, mapped at the global scale (left) and for the
418  example basin (right): (a) topological sort from the sources, (b) breadth-first search from the pit,
419  and (c) depth-first search from the pit sequences. Color gives the sequence index (viridis); the
420  global maps share a single scale from 0 to the total pixel count, while each basin map is scaled to
421  itself. On the global maps, white lines are region boundaries and a red rectangle marks the example
422  basin; on the basin maps, the outline is black and the outlet is a red downward triangle. All three
423 sequences are stored in upstream-to-downstream order, so the maps share a single orientation.
424  Breadth-first search from the pit and depth-first search from the pit are built outward from the
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425  outlet but re-stored upstream-to-downstream for comparison, so the color shows each order's
426  spatial structure, not where its construction began.

427  Among the three sequences, the depth-first search from the pit sequence is the most cache-friendly,
428  and the ranking follows the dependency distance (Figure 8, computed for Region 43, about 609
429  million pixels). This quantity counts the traversal steps between a pixel and its downstream
430 receiver; a small distance means the receiver was accessed recently and is likely still cached. The
431  depth-first search from the pit sequence places over 70% of pixels at distance < 10 (Figure 8a),
432 because depth-first traversal keeps each pixel and its downstream receiver close together in the
433 sequence. The breadth-first search from the pit sequence places a pixel and its receiver in adjacent
434 levels, so distance stays bounded below about 3 x 10°, whereas the topological sort from the
435  sources scatters receivers across the whole sequence, with distance reaching 6 x 108. The row-
436  jump fraction (Figure 8b) shows that this ranking is not a matter of spatial contiguity: the depth-
437  first search from the pit lands in a different raster row most often (84.8%), yet its short dependency
438  distances keep it the most efficient. The simulated miss rates (Figure 8c) match this prediction: the
439  depth-first search from the pit misses only 8.8% at .1 and 6.4% at L3; the breadth-first search
440  from the pit overflows L1 and L2 (about 48% and 26%) but its bounded distance holds the working
441  set within L3 (6.5%); the topological sort from the sources stays unfriendly at every level, missing

442 37.4% even at L3.
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Figure 8. Memory-locality characteristics of the three serial sequences in Region 43. (a)
Cumulative distribution of the dependency distance (small distance means a pixel's receiver was
visited recently). (b) Row-jump fraction (a high fraction means consecutive visits often jump to a
different raster row, a long stride in memory). (c) Simulated L1, L2, and L3 cache miss rates (lower

rates mean more reads come from fast cache rather than slower main memory).

5.2 Parallel layering: global maps and memory locality

The three layering schemes fill their layers in very different ways (Figure 9). The as-soon-as-
possible and conflict-free downstream schemes (Figure 9a, b) look near-identical at both global
and basin scales: most pixels sit in the earliest layers, and only the major river corridors reach high
layer indices. The as-late-as-possible scheme (Figure 9c¢) instead uses the full range of layer indices,
so its map varies smoothly across the basin rather than saturating in the lowest layers. This contrast
in how pixels fill the layers, spread evenly under as-late-as-possible layering but heavily front-
loaded under as-soon-as-possible and conflict-free downstream layering, governs how much

memory each layer must touch at once, and how evenly that work divides across threads.
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459  Figure 9. Layer index, mapped at the global scale (left) and for the example basin (right), for (a)
460  as-soon-as-possible, (b) conflict-free downstream, and (c) as-late-as-possible layering. Color gives
461  the layer index (viridis); in (a) and (b) the scale is truncated at the 95th percentile (arrow on the
462  colorbar), while (c) spans the full range. On the global maps, white lines are region boundaries and
463  ared rectangle marks the example basin; on the basin maps, the outline is black and the outlet is a
464  red downward triangle. All three layerings are stored in upstream-to-downstream order, so the
465  maps share a single orientation. The three panels use different color scales, so a given color marks
466  different layer indices across panels; compare the schemes through the cumulative distribution in

467  Figure 10a rather than by color.
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468  Among the three schemes, as-late-as-possible layering is the most load-balanced and the most
469  cache-friendly (Figure 10, Region 43). The three span nearly the same depth, since the longest
470  flow path sets a floor on the number of layers: as-soon-as-possible and as-late-as-possible layering
471  reach exactly that floor (63,982 layers), and conflict-free downstream layering at least as many,
472  here 63,984, because its conflict-free rule (one donor per receiver per layer) can only push a pixel
473 to alater layer, never an earlier one. What separates the schemes is how pixels populate that depth.
474  The cumulative distribution of the layer index (Figure 10a) shows as-soon-as-possible layering
475  placing 42% of all pixels in layer 0 and conflict-free downstream layering 33%, both reaching
476  about 90% within the first ten layers, whereas as-late-as-possible layering fills the full set of layers
477  far more evenly. This front-loading sets how much memory a single layer must touch at once: the
478  peak per-layer cache-line footprint (Figure 10b) reaches about 37.5 million cache lines under as-
479  soon-as-possible and conflict-free downstream layering (roughly 2.4 GB, far beyond the 35.75 MB
480  L3), so each layer's working set spills to main memory, whereas as-late-as-possible layering
481  touches only about 141,000 (about 9 MB, within one processor's L3) and stays cache-resident.
482  Feeding each layering's visitation order through the same cache simulation as the serial sequences
483  (Figure 10c) confirms the consequence: as-late-as-possible layering misses only 6.5% at L3, close
484  to the depth-first search from the pit sequence, whereas as-soon-as-possible and conflict-free
485  downstream layering miss 37.4% and 42.6%, their oversized first layers overflowing the cache

486  much as the topological sort from the sources does.
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488  Figure 10. Memory-locality characteristics of as-soon-as-possible, conflict-free downstream, and
489  as-late-as-possible layering in Region 43. (a) Cumulative distribution of the layer index, with each
490  scheme's total layer count in the legend (a steep early rise means the work concentrates in the first
491  layers, an imbalanced load; a gradual, even rise means the layers are balanced). (b) Maximum per-
492 layer cache-line footprint (log scale), the most memory any single layer spans (smaller fits within
493  cache). (c) Simulated L1, L2, and L3 cache miss rates on the layered visitation order (lower means

494 more reads come from cache).

495 5.3 Spatial partitioning: global maps and load balance

496  Beyond locality within one processor, parallel execution across the four processors (one per
497  NUMA node, Sect. 4.3) requires splitting each region into four balanced subregions; Figure 11
498  contrasts two ways of forming them. Basin-level partitioning (Figure 11a, b) treats each drainage
499  basin as indivisible and groups whole basins into the four subregions, so every basin's flow
500 network stays within one subregion. This works where a region holds many comparable basins,
501  but it breaks down when one basin dominates: in Region 43, keeping that basin intact leaves one
502  subregion well above the others (Figure 11b). Subbasin-level partitioning (Figure 11c, d) removes

503  the limit by cutting each region's dominant basin along its mainstem into subbasins that spread
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504  across the four subregions (flow order preserved by the staging in Sect. 2.4; Figure 4), yielding the

505  even partition of Region 43 in Figure 11d.
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507  Figure 11. Two partitioning strategies, shown for the global drainage network and for Region 43.
508  Color gives the subregion each pixel is assigned to; every region is split into four, so the four colors
509  recur region by region. Top row, basin-level partitioning, which keeps each drainage basin intact:
510  (a) global and (b) Region 43. Bottom row, subbasin-level partitioning, which additionally splits
511  each region's dominant basin along its mainstem (purple line): (c) global and (d) Region 43. On
512 the Region 43 panels the four subregions are labeled 4301-4304, and the mainstem is labeled in
513 (d).

514  Only subbasin-level partitioning balances the four subregions within each region (Figure 12),
515  measured by the load ratio between the busiest and least-busy subregion, where load is pixel count
516  and a ratio of one is perfect balance. This ratio is what the partition predicts; the runtime payoff

517  appears in Sect. 5.4. Basin-level partitioning leaves this ratio above the imbalance threshold of two
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518  (beyond which the busiest processor dominates the parallel runtime) in 35 of the 65 benchmark
519  regions; when a single basin fills most of a region, it cannot be split, so partitioning gains nothing
520  over computing the whole region on one processor. Splitting the dominant basin pulls almost every
521  region toward balance, dropping the median ratio from 2.47 to 1.08 and leaving only eight regions
522 above two. These eight are mostly of two kinds: small or island regions too small to divide evenly
523  into four, which include the worst residual at 6.2, and large regions whose dominant basin stays
524 too big to balance even after the mainstem split. Region 43 shows the typical outcome, tightening
525  from 5.1 to 1.06 once its dominant basin is cut. This balance is the prerequisite for the four-way

526  partition to deliver parallel speedup.
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528  Figure 12. Four-way partition load balance per region, comparing basin-level partitioning (orange)
529  and subbasin-level partitioning (blue) across the 65 benchmark regions. Each region is one paired
530  marker joined by a gray connector, giving the maximum-to-minimum subregion load ratio (load
531  isthe subregion pixel count) under each strategy, ordered by region identifier (logarithmic y-axis).

532 Aratio of 1 is perfect four-way balance; the dotted line marks a residual-imbalance threshold at 2.
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533 5.4 Runtime: single-core, multi-core, and multi-processor

534  Because each kernel is memory-bound (Sect. 4.3), the locality and balance of Sects. 5.1-5.3 set
535  the wall-clock cost directly. Figure 13 reports each kernel's serial runtime, summed over the 65
536  benchmark regions, under the three serial sequences. The depth-first search from the pit sequence
537 s fastest for every kernel, confirming the locality analysis of Sect. 5.1, and runs 3.4 to 5.1 times
538 faster than the slowest sequence. The kernels span a wide range of cost: Strahler stream order is
539  lightest at 26.8 s, since it is defined only on the channel network and runs on the 0.44 billion
540  drainage-network pixels rather than the full 22.2 billion land pixels traversed by the other kernels;
541  flow length downstream (132.6 s) and upstream drainage area (147.2 s) are moderate, each a single
542 sweep over the full grid; and flow length upstream is heaviest at 303.7 s because it takes two such
543  sweeps: one propagates the maximum flow length downstream up the network, the other subtracts
544  each pixel's own. These depth-first search from the pit times serve as the serial baseline for the

545  speedups below.
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Figure 13. Serial performance of the four kernels across the 65 benchmark regions for the three
serial sequences (topological sort from the sources, breadth-first search from the pit, depth-first
search from the pit): (a) flow length downstream, (b) flow length upstream, (c) Strahler stream
order, (d) upstream drainage area. Bars give the total elapsed time summed over all regions; each
region's time is the mean of its three fastest of five runs. The depth-first search from the pit
sequence is fastest for every kernel.

At 13 threads, as-late-as-possible layering gives the fastest parallel time for every kernel (Figure
14), in line with its locality and load-balance advantage in Sect. 5.2. These best configurations stay
well short of the 13-thread ideal: speedups of 4.9 for flow length downstream (27.0 s), 4.3 for flow

length upstream (71.1 s), 3.8 for upstream drainage area (38.9 s), and 5.6 for Strahler stream order
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557 (4.8 s), so parallel efficiency runs only 0.43 for Strahler stream order down to 0.29 for upstream
558  drainage area. With so little arithmetic per pixel, the shared memory bandwidth rather than the
559  thread count sets this ceiling. The propagation manner that wins depends on the kernel's
560  dependency rule. Flow length downstream, with one downstream dependency per pixel, admits
561  only the pull manner. Flow length upstream and upstream drainage area aggregate from several
562  upstream neighbors, so atomic push beats pull (71.1 s against 85.1 s for flow length upstream under
563  as-late-as-possible layering). Strahler stream order increments only where two or more equal-order
564  tributaries meet, a non-linear rule that no single atomic addition can express, so under as-late-as-
565  possible layering it runs with the pull manner (4.8 s); the only collision-free push alternative, on
566  conflict-free downstream layering, is slower (9.1 s).

567
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569  Figure 14. Parallel performance of the same four kernels on 13 threads across the 65 benchmark
570  regions; panels (a)—(d) follow the kernel order of Figure 13. Bars are grouped by layering scheme,
571  namely as-soon-as-possible, conflict-free downstream, and as-late-as-possible, then subgrouped
572 by propagation manner (pull, push, atomic push), distinguished by hatching and named under each
573  bar; each bar is annotated with its total time. The serial reference (depth-first search from the pit)
574  is printed in each panel. As-late-as-possible layering is fastest for every kernel.

575  Figure 15 separates two sources of speedup for the upstream drainage area kernel: spreading a
576  region across the four processors (the three lines) and threading within each partition (the x-axis).
577 At one thread per partition there is no within-subregion threading, so these leftmost points isolate
578  partitioning alone: with no partitioning the kernel is a plain serial run on one core (142.2 s, an

579  independent run about 3.4% below the 147.2 s in Figure 13), whereas the four-processor partitions
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580  run their four subregions concurrently, so balanced subbasin-level partitioning already cuts this to
581  66.7 s, while basin-level reaches only 112.5 s because its oversized dominant basin keeps one
582  processor busy and the others idle. Threading with as-late-as-possible layering then drives every
583  line down (after a small startup cost at four threads on the unpartitioned run), with subbasin-level
584  fastest throughout and bottoming at 19.6 s at 13 threads per partition. The unpartitioned kernel
585  scales only within its one processor, reaching 25.0 s at full occupancy but never using the other
586  three. From 13 to 26 threads per partition the three nearly converge (25.0, 24.0, and 20.5 s at 26
587  threads): the partitioned curves flatten, each processor bandwidth-bound by about 13 threads
588  (subbasin-level even rises slightly), while the unpartitioned run keeps improving on its single
589  processor and catches up to them. The speedup therefore scales with the number of processors, not
590  the number of threads: on this server each processor saturates its memory bandwidth near 13
591 threads, so balanced subbasin-level partitioning across all four processors, threaded to about 13 on
592  each, is fastest at every thread count. The global fields these four kernels produce are mapped in
593  Figures A5—AS, one per kernel in the same order: flow length downstream (Figure A5), flow length

594  upstream (Figure A6), Strahler stream order (Figure A7), and upstream drainage area (Figure AS).
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Figure 15. Thread scaling of the upstream drainage area kernel for three partitioning strategies, on
a common axis of total wall time summed over the 65 benchmark regions against threads per
partition: no partitioning (gray circles, confined to one processor), basin-level partitioning (orange
squares), and subbasin-level partitioning (blue diamonds), the latter two splitting each region into
four subregions, one per processor. At one thread per partition the kernel runs as the depth-first
search from the pit serial sweep (a single-core run with no partitioning, four concurrent subregions
otherwise), and at four or more threads as-late-as-possible layering parallelizes within each
subregion. Each region's time is the mean of the three fastest of five runs, and each partitioned
time is the slowest of its four subregion ranks. Only partitioning engages all four processors, and

balanced subbasin-level partitioning is fastest at every thread count.



https://doi.org/10.5194/egusphere-2026-5497
Preprint. Discussion started: 3 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

606 6. Discussion

607  For hyperresolution hydrology, mapping the drainage network is no longer the hard part.
608  Computing over it is one of the parts that remain, alongside the representation of the network itself
609  and the hydraulic parameters it carries (Sect. 6.4). That cost lies not in the static flow network but
610  in the processing order every computation in drainage order must rebuild, here across MERIT
611  Hydro's 22.2 billion land pixels. Computed once and distributed in a representation matched to the

612  demand, that order turns a repeated, machine-bound cost into a one-time read.

613 6.1 From implicit traversal to explicit reusable structures

614  The global hydrography datasets in widest use, HydroSHEDS (Lehner et al., 2008) and MERIT
615  Hydro (Yamazaki et al., 2019), distribute the static inputs of flow routing: a conditioned elevation
616  grid and a D8 flow-direction grid. Producing the quantities applications need, such as upstream
617  drainage area, the stream network and its Strahler order, or watershed boundaries, first requires a
618  processing order consistent with the drainage dependencies. That order is a topological ordering
619  of the flow-direction grid, fixed by the static D8 field but distributed nowhere. Every order-based
620  tool in Table 1 reconstructs it by recursive tracing, queue-based traversal, or repeated grid sweeps
621 (TauDEM, GRASS GIS (Metz et al., 2011), RichDEM (Barnes et al., 2014; Barnes, 2017),
622  PCRaster (Karssenberg et al., 2010), MATLAB TopoToolbox (Schwanghart & Scherler, 2014),
623  pyflwdir (Eilander, 2020), ArcGIS). The recent analyses that advanced continental-scale
624  hydrography each build on one of these engines and inherit the same step: MERIT Hydro river
625  networks on TauDEM (Lin et al., 2019, 2021), Hydrography90m on GRASS GIS (Amatulli et al.,
626  2022), a global drainage-shape dataset on TopoToolbox (He et al., 2024), and hydrography
627  upscaling on pyflwdir (Eilander, 2020).

628
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629  The dataset presented here is that order for MERIT Hydro, stored as explicit reusable structures:
630  pixel-index layers for parallel processing and one flattened topologically ordered sequence for
631  serial use. Computed once and reused, it changes downstream practice in four ways. (i) It removes
632  the software barrier: the topological ordering is already done, so a user computes a flow-routing
633  variable from a single linear pass over the ordered array, with no GIS engine. (ii) It lightens
634  distribution: one order ships next to the direction and elevation grids, released as MERIT-
635  FlowTopo, instead of a separate product for every derived variable (Amatulli et al., 2022) or the
636 4.1 TB of the 104-variable Environment90m (Garcia-Marquez et al., 2026); users compute what
637  they need on demand. (iii) It removes the compute barrier: building the order is the costly step,
638  with a peak memory footprint of tens of gigabytes even for a single region and beyond any desktop
639  at the global 90 m scale (Barnes, 2017; Cho, 2025b), and expensive even on a cluster, where the
640  Hydrography90m suite took 12,418 core-hours (Amatulli et al., 2022). Reading the published
641  order avoids that peak, holding only one copy of the index array, so a desktop that cannot build
642  the order can still read it; in interpreted tools repeated access is cheaper still, with caching cutting
643  1,398-watershed reruns from 58 to 6 minutes (Xie et al., 2022). (iv) It can be clipped to any basin
644  or region and used directly, with no re-ordering, so a study reads only its own area. Just as
645  HydroSHEDS and MERIT Hydro made the elevation and flow-direction grids a shared foundation,
646  the processing order is the next such layer, distributed not as another derived variable but as the

647  structure from which any variable is computed, for the community to read rather than reconstruct.

648 6.2 Choosing a representation, and the baseline it is measured against

649  Across terrain-analysis software, flow-routing models, landscape-evolution codes, and algorithmic
650  studies, the single-receiver D8 dependency is resolved by developer convention rather than
651  systematic comparison; Table 1 organizes the options by granularity. Several routing models avoid

652  aper-pixel order altogether, advancing each pixel from the previous timestep's value or summing
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653  upstream contributions by convolution, so the within-step update order is immaterial (CaMa-Flood,
654  Yamazaki et al., 2011, among the order-free models in Table 1). Every other approach first
655  arranges the pixels into a processing order, serially from the headwaters downward or depth-first
656  from the pit, and in parallel groups them into concurrent layers built from the headwaters (as-soon-
657  as-possible layering) or from the outlet (as-late-as-possible layering). These layerings have been
658  compared only in part: Jiang et al. (2025a) found as-late-as-possible layering faster and attributed
659 the gain to load balance, and Kotyra et al. (2021) compared six flow-accumulation
660  implementations, pitting pull by recursion from the outlets against atomic push scheduled by in-
661  degree counting and finding the latter fastest; yet each held the kernel fixed and varied a single
662  axis. At the largest scale the domain is split across machines by MPI or staged along the drainage
663  hierarchy (Table 1). We are not aware of a prior study that spans this design space on a common
664  network and kernel set; we do so here.

665

666  We recommend matching the representation to the computational demand. On a single core the
667  depth-first search from the pit is the fastest of the three serial orderings across all four kernels,
668  Dbecause its subtree contiguity holds each pixel's downstream dependency within a few cache-
669  resident traversal steps. It is therefore also the baseline against which parallel speedup must be
670  measured: a slower topological-sort-from-the-sources reference would inflate the same speedup
671  into an apparent superlinear result, crediting to parallelism a gain that originates in memory locality.
672  Parallel execution becomes worthwhile only when the network is traversed repeatedly, as in
673  calibration or ensemble simulation; as-late-as-possible layering then distributes work evenly
674  across threads and keeps each basin's working set cache-resident, the advantage reported regionally

675 by Jiang et al. (2025a) and confirmed here at global scale. Additional threads yield diminishing
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676  returns once a single dominant basin governs runtime: its mainstem is the longest dependency
677  chain, and left undivided it serializes work the other threads would share, a limit set by the critical
678  path rather than memory capacity. Partitioning that basin into subbasins across the processors
679  removes most of the imbalance within one machine's shared memory, without message passing.
680  Even then the ceiling shifts rather than disappears: with so little arithmetic per pixel, each
681  processor's memory bandwidth saturates well before all of its cores are in use, so further threads
682  onaprocessor stop helping and the speedup tracks the number of processors rather than the threads
683  on each. The fastest configuration is therefore all available processors, each threaded to the point
684  at which its memory bandwidth saturates. Where that point lies depends on the processor, on the
685  kernel's arithmetic intensity, and on how much of the traversal stays in cache; Sect. 5.4 reports it
686  for the server tested, and it has to be measured anew on other hardware. Multiple machines are
687  required only when turnaround is the binding constraint, as in operational forecasting; because
688  complete basins are independent, they distribute with negligible communication. Distributed-
689  memory MPI with halo exchange, which basin partitioning does not require, is reserved for the
690  case in which a coupled host model dictates the partition. When routing shares an Earth system
691  model's MPI-decomposed grid, as in MOSART within CESM (Li et al., 2013), E3SM's shared
692  Voronoi mesh (Feng et al., 2025), or WRF-Hydro's inherited atmospheric domain (Gochis et al.,
693  2018), tile boundaries are fixed externally and downstream neighbors may reside on different ranks,

694  so topological reordering cannot avoid halo exchange at each timestep.

695 6.3 Propagation manner and lock-free concurrency

696  Propagating a value along the network takes one of two directions: a pixel can push its value onto
697  the receiver it drains into, or pull the values it needs from the pixels that drain into it. In serial
698  execution the manner follows each kernel's natural direction and affects only storage, not

699  correctness. It becomes consequential only in parallel, and only for many-to-one propagation,
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700  where several upstream pixels drain into one receiver and their writes collide; one-to-one
701  propagation such as flow length downstream writes each pixel once and parallelizes trivially either
702  way. Existing parallel implementations resolve the collision two ways: by pull, where each pixel
703  gathers from its donors and writes only itself, removing the conflict but, in the implementations
704  evaluated here, requiring a stored upstream donor structure, or by atomic push, where each donor
705  adds to its receiver through a hardware atomic (Kotyra et al., 2021). Atomic push carries three
706  costs: contending writes are serialized; the resolution work grows with the confluence operator,
707  from a single addition for drainage area to a compound update for Strahler stream order; and
708  floating-point sums become non-reproducible, since addition is non-associative and thread arrival
709  order is unspecified, so sums vary across runs while integer pixel counts stay reproducible. In the
710  implementations surveyed in Table 1 the collision is avoided by pulling or absorbed by atomics;
711  neither removes it by scheduling, so none of them offers a manner that is at once a push, free of
712  atomics, and deterministic.

713

714 The conflict-free downstream layering introduced here fills that gap: it schedules each layer such
715  that no two concurrent pixels share a receiver, so a push writes to the receiver yet never collides.
716  Without atomics it stays deterministic and resolves even the non-linear confluence rule of Strahler
717  stream order which no atomic addition can express, while storing only the receiver pointer. The
718  choice between the two atomic-free manners is a trade-off between RAM and cache. Pull with as-
719  late-as-possible layering gives the best cache locality, its peak per-layer footprint staying resident
720  in the L3 (Sect. 5.2), and the fastest run overall, but, as implemented here, it must materialize the
721  donor structure as a per-pixel donor list or compressed sparse row index, a cost on a dense grid

722 beyond the single receiver pointer that push requires. Conflict-free downstream push spares that
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723 structure, making it RAM-economical, deterministic, and able to express Strahler stream order,
724  but it is front-loaded, so a single layer can span about 2.4 GB and overflow the L3, weakening its
725  cache locality. The binding resource therefore decides. When many state variables or ensemble
726  members saturate RAM, each carrying its own per-pixel state array, the donor structure that pull
727  requires cannot fit, and conflict-free downstream push is the feasible choice of the two atomic-free
728  manners evaluated here, the regime of spatial-temporal-multimember scheduling (Jiang et al.,
729  2025a) that already holds routing state for many steps and members at once. When the donor
730  structure fits and cache throughput dominates, as in single-variable static-topology products, as-
731  late-as-possible pull wins.

732

733 A different approach recasts accumulation as an implicit sparse linear system solved iteratively
734 (Richardson et al., 2014), scaling to many processors without materializing an explicit order. It
735  resolves the ordering implicitly rather than removing it, but because the formulation is linear it
736  computes additive quantities such as drainage area while leaving the conditional, non-linear update
737  of Strahler stream order beyond reach; a single pass over an explicit, reusable order resolves both

738  kinds of kernel alike.

739 6.4 Implications and outlook

740  The four kernels are at once the most widely used variables in hydrology and a representative span
741  ofthe dependency patterns of single-receiver flow-network computation. Flow length downstream
742  is the one-to-one case, the pattern of steady backwater and subcritical-flow profiles solved
743 upstream from a downstream boundary, and of reverse flood routing (Pati et al., 2023), for which
744  as-late-as-possible layering, anchored at the outlet, preserves the physical order of solution; with
745  the flow length upstream it sets the travel distances behind time of concentration and the unit
746  hydrograph (Hu et al., 2024). Upstream drainage area and the flow length upstream are the many-
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747  to-one case, each gathering contributions from all upstream pixels at every confluence. These
748  underlie flow accumulation itself, the most optimized target in terrain analysis (Barnes, 2017), and
749  the transport of real quantities along the network: discharge in floods together with the heat, solutes,
750  and sediment that set water temperature and quality. These are the processes the field is now
751  pushing to 1 km and finer (Nguyen-Quang et al., 2018; Yang et al., 2025). Strahler stream order
752 (Strahler, 1957), which classifies the network for hydraulic-geometry and scaling analyses, is the
753  non-linear case, where the update is conditional rather than additive and push resolves it without
754  atomics only under conflict-free downstream layering, among the layerings evaluated here.
755  Upstream drainage area is therefore not only a static map but the elementary upstream-to-
756  downstream step of routing on a fixed single-receiver network: in CaMa-Flood, for instance, every
757  timestep sums each cell's outflow into its downstream cell's inflow in exactly this many-to-one
758  pattern (Yamazaki et al., 2011). The framework that accelerates this step accelerates that part of
759  the simulations built on it. Fully dynamic routing is not reducible to this step. The outflow being
760  summed is computed from the water-surface slope between a cell and its downstream cell, so under
761  backwater a reach depends on the downstream water level as well as on upstream inflow; the sign
762  ofthat flow can reverse; and distributary channels connect cells outside the single-receiver network.
763  These dependencies run in both directions, which is why such models update every cell from the
764  previous timestep's state rather than in drainage order (Table 1). For them the precomputed order
765  fixes the traversal of the one-way accumulation, and the two-way hydraulic coupling remains a
766  cost that a static accumulation benchmark does not measure.

767

768  The nearest frontier of this work is real-world dynamic and coupled routing (Chen et al., 2022).

769  The kernels here run once, but routing a moving state in drainage order repeats the same upstream-
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770  to-downstream pass thousands of times, and adds whatever hydraulic coupling the scheme carries
771  on top of it. A ten-year daily routing of the single Pearl River basin already takes about 22 hours
772 onone core and close to two on thirteen (Jiang et al., 2025a), so a global, multi-decade, or ensemble
773 run of the kind operational systems and large-sample studies require (Jiang et al., 2025b; Mizukami
774 et al., 2016; Wu et al., 2019) lies far beyond one sweep. Routing several constituents together
775  compounds the demand and brings the RAM-versus-cache trade-off of Sect. 6.3 to bear, with the
776  full coupled-routing benchmark left to future work. The hardware path is throughput computing:
777  flow-network workloads are moved to GPUs for flow accumulation (Qin & Zhan, 2012; Sten et
778  al., 2016), watershed delineation (Kotyra, 2023), the longest flow path (Kotyra, 2025), and real-
779  time ensemble flood inundation (Wei et al., 2023). The conflict-free downstream layering suits
780  them, exposing broad within-layer concurrency and removing write conflicts by construction,
781  though efficient use will require layer layouts that coalesce memory access. Underpinning both is
782  areusable, deterministic topological order, computed once and distributed with the flow-direction
783  grid, that any such computation reads instead of rebuilding, so that as resolutions rise and
784  ensembles grow these gains accumulate across models and runs rather than being recomputed for

785  each.

786 7. Conclusion

787  This study presents six reusable topological representations (three serial orderings and three
788  parallel layerings) and two domain partitions, derived once from the static D8 flow-direction field
789  and benchmarked on the 90 m MERIT Hydro network of 22.2 billion land pixels across 65
790  continental regions. The systematic comparison shows that how the computation is organized
791  governs its cost as much as the hardware it runs on. In serial, depth-first ordering runs up to 5.1-

792  fold faster than the slowest serial order, because its subtree contiguity keeps each pixel's
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793  downstream dependency cache-resident, lowering the 1.3 miss rate from 37.4% to about 6%. In
794  parallel, as-late-as-possible layering is fastest, keeping each layer's working set within the shared
795  cache, whereas conflict-free downstream layering is, among the schemes evaluated here, the one
796  that allows atomic-free push updates for non-linear kernels such as Strahler stream order, and it
797  suits throughput architectures such as GPUs. A communication-free subbasin-level partition
798  balances the load across processors without message passing, scaling upstream drainage area 7.3-
799  fold on the four-processor server tested.

800

801  These findings reduce to a simple guide: a single sweep over the network needs only depth-first
802  ordering; repeated traversal, as in calibration or ensembles, is best served by as-late-as-possible
803 layering; a deterministic push on non-linear kernels calls for conflict-free downstream layering;
804 and the largest basins are handled by subbasin-level partitioning, run across all available
805  processors, each threaded only to the point at which its memory bandwidth saturates, since beyond
806 it the bandwidth rather than the algorithm bounds the speedup. Because the D8 field does not
807  change, each structure is computed once and reused without limit, and all are released openly: the
808 recommended structures as MERIT-FlowTopo, with all eight for one region, and the kernel
809  products as MERIT-DrainAttr (flow length downstream, flow length upstream, and Strahler stream
810  order for every region, upstream drainage area for Region 43). As global hydrography advances
811  to finer resolutions, distributing such precomputed topology alongside each new flow-direction
812  dataset would spare the field the redundant preprocessing that now burdens every study,
813  establishing explicit topological organization as shared infrastructure for the next generation of

814  hyperresolution hydrological computation.
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816

817  Figure Al. Step-by-step flow-length-downstream computation on the two-basin example using as-
818  late-as-possible layering, processed downstream-to-upstream, one layer per panel from the outlet
819 layer (a) to the headwater layer (i). Each pixel is labeled by its linear index; computed pixels are
820  colored by basin once their distance is finalized. Each pixel takes the distance already finalized at
821  itsreceiver; basin 2 begins at its own outlet and propagates independently. Pixels of the next layer

822  are black, with arrows to their receivers.
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823

824  Figure A2. Step-by-step flow-length-upstream computation on as-soon-as-possible layering for
825  the two-basin example, one layer per panel (layer 0 at the sources to the maximum layer at the pit),
826  processed upstream-to-downstream. Each pixel is labeled by its linear index; computed pixels are
827  colored by basin and the next layer is black. Red arrows on the current layer point to each pixel's
828  receiver; a pixel takes the maximum over its donors of the donor value plus the donor-to-pixel

829  distance.
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Figure A3. Step-by-step Strahler-order computation on conflict-free downstream layering for the
two-basin example, one layer per panel processed upstream-to-downstream. Stream pixels
(upstream pixel count above the threshold) are labeled by their linear index, with background
shading giving the current order (1, 2, 3). At each confluence the downstream pixel takes the
maximum upstream order, or one greater when two or more tributaries share that maximum.
Computed pixels are colored by basin; pixels of the next layer are black, with arrows to their
receivers.
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Figure A4. Step-by-step upstream-drainage-area computation under the subbasin-level
partitioning scheme, in nine snapshots; each pixel is labeled by its linear index and processed in
each node's upstream-to-downstream order. (a—e) Phase 1 accumulates within each node (basin 1
/ node 0, light blue; basin 2 / node 1, light green) up to the shared mainstem. (f—i) Phase 2 walks
the mainstem to combine the node partial sums into the final area; mainstem pixels carry a thick

black border. The next pixel to be computed is black, with an arrow to its receiver.
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861 Appendix B

862  Table B1. Memory-locality metrics reported for the topological representations, evaluated on Region 43
863  (about 609 million pixels). A sequence visits the N valid pixels in order py, ..., py; 7 (i) is the receiver of
864  pixel i; W is the grid width; seq[i] is the position of pixel i in the visit order; [p/W] is the raster row of
865  pixel p; a value occupies b = 4 bytes and a 64-byte line holds ¢ = 16 pixels, so k(p) = |p - b/64] is
866  the cache line of pixel p. Within a layer, its m pixels are listed in ascending index order q; < ... < qp,
867  with gap g; = qj4+1 — q;. 1(°) is the indicator function. Sequences are stored upstream-to-downstream,

868  so areceiver follows its donor and D = 1 for every pixel but the outlets, which point to themselves.

Metric Family | Definition Formula No.
Dependency | Serial | Visit-order distance from a pixel to its D; = seq[r(i)] — seq[i] (B1)
distance receiver (shown as a cumulative

distribution, Figure 8a)

Row-jump Serial | Share of consecutive visits that cross a = ( ka lpk“l) (B2)
R =—— Z 1(|=| =

fraction raster row (Figure 8b) N-1 k=1 w w

Miss rate (L1, | Serial Share of cache-line reads not resident, S misses;, (B3)

L™ accesses;,
L2,L3)» & under set-associative LRU (Figures 8c
parallel | and 10c)
Cache-line Parallel | Largest per-layer count of distinct F = maxi,ye |{r(q): q € layer}| (B4)

footprint cache lines touched (Figure 10b)

869 2 Miss rates come from a set-associative least-recently-used simulation (Mattson et al., 1970) of the Intel Xeon Platinum 8270

870 caches (64-byte lines; L1, 512 lines, 8-way; L2, 16,384 lines, 16-way; L3, 585,728 lines, 11-way). Visiting the pixels in visitation

871 order (for a serial sequence, its ordering; for a parallel layering, the layers concatenated in order, each in ascending index): each
872 pixel issues two reads, one at its own index and one at its receiver's index, with the two arrays placed in separate address ranges so
873 their cache lines do not alias; the simulation reports the share of reads not already resident. Simulating the caches rather than reading

874 hardware performance counters isolates the effect of the visiting order from the hardware prefetcher and from contention on the

875 shared platform.
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876  Code availability
877  The C sources that produced all timings in this paper are archived as MERIT-FlowTopo code v1.0

878  on Zenodo (Jiang et al., 2026d; https://doi.org/10.5281/zenodo0.22227621) under the MIT license;
879  the concept DOI https://doi.org/10.5281/zenodo.22227620 always resolves to the latest version of
880  this record. The archive holds the four kernels under every propagation manner, the builders of the
881  six ordering structures, the cache simulation behind Figures 8 and 10, and a driver that reproduces
882  the full method on the example basin of Figure 6¢ with no dependency beyond a C99 compiler and
883  OpenMP. The run checks every combination against the serial depth-first reference and reports
884  PASS or FAIL. The example basin bundled with the code is an excerpt of MERIT Hydro and is
885  redistributed under MERIT Hydro's own terms (CC BY-NC 4.0, with attribution). The same record
886  holds the input data and the plotting script for every figure of the paper, Figures 1-15 and A1-A8,
887  which regenerate the figures as printed with a single command.

888

889 A  Python  implementation of the same  method is  maintained  at
890  https://github.com/hellolulujiang/flowtopo under the MIT license, and the version referred to here
891 s archived alongside the C sources (Jiang et al., 2026d). It is not a wrapper around the C code: the
892  two were written independently and agree on the example basin to floating-point rounding in the

893  accumulated area. It is slower than the C version and is not the code behind the reported timings.

894  Data availability
895  The flow-direction field used as input is MERIT Hydro (Yamazaki et al., 2019), available at

896  https://global-hydrodynamics.github.io/MERIT Hydro/. Its partition into the 65 continental
897  regions analyzed here is provided as part of the MERIT-FullBasin dataset (Jiang et al., 2026a;

898  https://doi.org/10.5281/zenodo.20344113).
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899

900  From this field, the study releases two products as separate Zenodo records, each stored as per-
901  region GeoTIFFs compressed with ZSTD (level 19) for the 65 hydrologically independent regions
902  (Table 2). MERIT-FlowTopo is derived directly from the MERIT Hydro flow-direction field and
903  carries its terms (ODbL 1.0, with attribution and share-alike); MERIT-DrainAttr is released under
904  CC BY 4.0. The licence of each product is stated on its record.

905  Table 2. Global products released for the 65 main regions of the 90 m drainage network, as two
906  Zenodo records. MERIT-FlowTopo holds the reusable traversal structures. MERIT-DrainAttr
907  holds the four baseline drainage variables (Figures A5—AS). Globally, MERIT-FlowTopo releases
908  the four recommended structures (the depth-first search from the pit serial sequence, the conflict-
909 free downstream and as-late-as-possible layerings, and the subbasin-level partition); Region 43
910  additionally includes the four alternatives, providing the full set of eight in one region for
911  comparison. MERIT-DrainAttr releases flow length downstream, flow length upstream, and

912 Strahler stream order for every region, whereas upstream drainage area is provided for Region 43

913  only.
File Name Variable Type NoData | Unit | Figure
MERIT-FlowTopo
seq _topo_region* 90m.tif Topological sort from the sources, sequence index | Int32 -1 - Figure 7a
seq_bfs_region* 90m.tif Breadth-first search from the pit, sequence index Int32 -1 - Figure 7b
seq_dfs region* 90m.tif Depth-first search from the pit, sequence index Int32 -1 - Figure 7c
lyr_asap region* 90m.tif As-soon-as-possible layer index Int32 -1 - Figure 9a
lyr_cfds_region* 90m.tif Conflict-free downstream layer index Int32 -1 - Figure 9b
lyr_alap_region* 90m.tif As-late-as-possible layer index Int32 -1 - Figure 9¢
part basin_region* 90m.tif | Basin-level partition ID Ulntl6 65535 - Figure 11a

56



https://doi.org/10.5194/egusphere-2026-5497
Preprint. Discussion started: 3 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

part_subbasin_region* 90 Subbasin-level partition ID Ulnt16 65535 - Figure 11c

m.tif

MERIT-DrainAttr

ldn_region*_90m.tif Flow length downstream Float32 | -9999 km Figure AS
lup_region* 90m.tif Flow length upstream Float32 | -9999 km Figure A6
ord_region* 90m.tif Strahler stream order Ulnt8 0 - Figure A7
upa_region* 90m.tif Upstream drainage area Float32 | -9999 km? | Figure A8
914
915

916  MERIT-FlowTopo v1.0 (Jiang et al., 2026b; https://doi.org/10.5281/zenodo.20653059) holds the
917  reusable traversal structures. For every region it provides the four recommended structures: the
918  depth-first search from the pit serial sequence, the conflict-free downstream and as-late-as-possible
919  parallel layerings, and the subbasin-level partition. For Region 43 it additionally provides the four
920  alternatives (the topological sort from the sources and breadth-first search from the pit serial
921  sequences, the as-soon-as-possible layering, and the basin-level partition), so the full set of eight
922  isavailable in one region for comparison. It is about 978 GB uncompressed and 50 GB compressed.
923

924  MERIT-DrainAttr v1.0 (Jiang et al., 2026c; https://doi.org/10.5281/zenodo.20686665) holds
925  baseline variables computed from those structures: for every region, flow length downstream, flow
926  length upstream, and Strahler stream order; upstream drainage area is provided for Region 43 only,
927 asitis already distributed globally with MERIT Hydro. It is about 622 GB uncompressed and 60
928  GB compressed.

929
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930  Computing with MERIT-FlowTopo requires pairing these structures with the network's pixel-to-
931  receiver connectivity, the D8 flow-direction code that they traverse. Because that field is a MERIT
932  Hydro product, we do not redistribute it; readers download it from the MERIT Hydro archive
933  (Yamazaki et al., 2019). Every released raster is a GeoTIFF on the MERIT Hydro grid itself,
934 1/1200° with the global origin at (—180°, 85°), already cropped to its region's window, so cropping
935  MERIT Hydro to that same window makes the two line up pixel for pixel. For readers working
936  region by region before downloading, https://fullhydro.org/fullbasin/ lists the MERIT Hydro tiles
937  covering each region together with its row and column offset, and offers the 96 region outlines as
938  asingle GeoPackage. Region boxes are aligned to whole degrees and one degree is exactly 1,200
939  cells at 3 arcsec, so the crop is integer arithmetic with no resampling.

940

941  The input data and plotting scripts for every figure in the paper (Figures 1-15 and A1-AS8) are
942  archived with the code (Jiang et al., 2026d), and a narrated video overview of the study, which
943  animates the six ordering structures together with the three propagation manners, is available on

944 YouTube at https://youtu.be/tESK2wM3TTY.
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