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Abstract. Distributed hydrological models rely on hydrography data sudlowslirection, river length, sipe and width. For
largescale applications, many of these models still rely on a few-dio@ction datasets, which are often manually derived.
We propose the Iterative Hydrography Upscaling (IHU) method to upscaledsiglition flow direction data tde typically
coarser resolutions of distributed hydrological models. The IHU aims to preserupdtnearrdownstream relationship of
river structure, including basin boundaries, river meanders and confluences, in themag fehich is commonly used to
describe river networks in models. Additionally, it derivepresentativasub-grid river lengthand slopeparameterswhich

are required forresolutiorindependentmodel results We derived the mukliesoution MERIT Hydro IHU dataset at
resolutions of 30 arcsec (~1km), 5 arcmin (~10 km) and 15 arcmin (~30 km) by applying IHU to the recently published 3
arcsec MERIT Hydro data. Results indicate improvedueacy of IHU at all resolutions studied compareatiter often
appliedupscalingmethods. Furthermore, we show tNERIT HydrolHU minimizes the errors made in timing and magnitude
of simulated peak discharge throughowt Bhine basin compared to simulations at the natit@ isolutions. As the method

is open source anfillly automated, it can be applied to other higlsolution hydrography datasets to increase the accuracy
and enhance the uptake of new datasets inlmlistd hydrological models in the future.

1 Introduct ion

Largescale distributed hydrological and land surface models are used to provide estimates of available water resource:
(Schewe et al., 2014; Wada et al., 2Q0T4pd risk (Hirabayashi et al., 2013Vard et al., 2013)drought risk(Veldkamp et

al., 2017; Wanders et al., 2014&)d food productio@ummu et al., 2014)amongt other applications. These models contain

a routing module to simulate streamflow, i.e.: the lateral flow of water on the land surface. This is/ari&ile for
understanding the water,engy and biogeochemical cycles and the effects of disturbamreshthropogenic climate change

on these cycle8Nood et al., 2011)
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The spatial pattern of average streamflow conditions is largely determined by the contributing arear clegmentQuinn

et al., 1991)which is imposed on distributedmodel by its flow directio data i.e.: a rasterized representation of the river
network Simulated peak streamflow is particularly sensitive to the accuracy of the flowiatieand river channeind
floodplain parametrizatiofPaiva et al., 2011; Zhao et al., 20BEnd vey important at river confluencd§eertsema et al.,
2018; Guse et al., 2020; Metin et al., 20200 river outlet{Couasnon et al., 2020; Eilander et al., 202@)ere multiple

fluvial and/or coastal flood drivers may combine to modulate a flood event. Furthermore, streamflow is the only measurable
integral signalof basin response and is therefore widely used for model calibr@mren, 2012; Bouaziz et al., 20),
underlining the importance of flow direction data in distributgdrological models.

Over the last decade, largeale distributed hydrological models have been applied at increasingly higher resolutions
(Bierkens, 2015)which poses a challenge on the parametrization of these niodelsieve similar model results independent

of spatial resolutioffSamaniego et al., 2017; Wood et al., 200ne particular challenge in this regard is the lack of adequate
methods to scale hydrography datalsas flow directions and river length and slope paramétersoff et al., 2020)
Furthermore, integrated modgsuchashydro-ecological model§Lowe et al., 2006dr coupled hydrologicahydrodynamic

flood modelgHoch et al., 2019)pften require the representation of varipuscesses at défent spatial resolutions. This can

be achieved by hydrological nesting of models but requires -nagitilution hydrography data ftine seamless coupling of

flow directions at the model domain boundaries.

Flow direction datasets are dévged at a fixeghigh as possiblgesolution and typically described intiied et er mi ni st i
nei ghborso (D8) format, which sets the dowgcelsWelekmwdi r ec
high-resolution(O1 km)flow direction datasets include the 30 arcsec resolution hydkdFk Geological Survey, 2008nd

the 3 arcsec resolution HydroSHEI®hner et al., 2008nd MERIT hydrqYamazaki et al., 201%jatasets. These datasets
arederived fromhydrologically conditioned higlresolutionelevation data based on the direction with the steepest(@ape
Lehner et al., 2008; Yamazaki et al., 2019like typical geospatial datauch as elevation, hydrography desmnoteasily

be scaled by spatial resampling techniques and extensive data processing is requaegetdtsispatial resolutidihehner

and Grill, 2013) Therefore,specializedautomatedipscaling methods to describe high resolution flow directions and river
parameters at coarseodelresolutions (typicallyd1 km)are required to leveragkese datasets falistributed hydrological
modellingandto achieve seamless integrated mgitsolution modelling.

Several D8 flow direction upscalingethods have been develog@ibll and Lehner, 2002; Fekete et al., 2001; Olivera et al.,
2002; Wu et al., 2011; Yamazaki et al., 20a&)t none provides a fully automated ofgeurce methodhat can easily be
applied on high resolution flow direction dakdost of thesemethods first determine which riveegmento represent within
eachcoarg-resolutioncell and subsequently set the upscaled flow direction basé&de-resolution flow direction®f that

river segnent However, taletermine which river to represent within a cell in order to preserve the river network often requires
more information than contained in just one eeltl its direct neighbor&or instance,ite commonly usedDM30 dataset

which is used by most global hydrological models within theer-Sectoral Impact Model Intercomparison Projec

(www.isimip.org), requires manual correctiongfter an automated initial procedute ensure the river network isell

2


http://www.isimip.org/

65

70

75

80

85

90

preserved(Doll and Lehner, 2002)To circumvent this problenthe Flexible Location of Waterways (FLOW) method
(Yamazaki et al., 2009)ses a format that allows a downstream cell to be located outside the eight direct neilyhilers.
effective,this format has not been used outside the GRMad modelYamazaki et al., 201 Xpr which it was developed as
most models are built to work with D&th. The hierarchical dominant river tracing (DRT) algoriti{iiVu et al., 2011Jses
global information tocorder steamswithin a basin tadetermine which river segren to representwithin a cellandreroutes
rivers through neighboring cells if requiréd/hile DTR hasproven successful at automatically upscaling 30 arcsec flow
direction data to coarser resolutiqifgu et al., 2012)its applicatiomrmight belimited at higher resolutions as it requimtire
basins to be loaded in memoRurthermore, none dhe D8 upscaling methodderives bothriver length and slopsub-grid
parameterswhich are requiretly mosthydrological models

The first objective of this paper is therefore to develop a fully autoni8etbw direction upscaling algorithm in order to
derive flow direction andrepresentativeiver length and slope parameters that can be applied terdésgiution (< 1 km)
global hydrography data. The second objective is to evahmtethe choice of upscaling method and resolution affect peak
discharge simulationThe remainder of thispaperis set up as followsSection2 describes the@ewy developed lIterative
Hydrography Upscaling (IHUnethodandthe accompanyinmulti-resolution MERIT hydro IHU datase$ection3 describes
thebenchmark and case study experimegBectiond presentshe results of thbenchmark ofHU at the global scajé&ection
5 presents the results of a cagady in which we teghe resolutionindependencef simulated peak discharg&he results

are discussed in secti6rand conclusions based on thiadst are presented in secti@n

2 The Iterative Hydrography Upscaling algorithm

Any flow direction upscaling methodeeds taletermine which rivesegmento represent within eaatoarseresolutioncell.
The Iterative Hdrography Upscaling (IHUmethodbalances beteen traditionalupscalingmethodsthat only use local
informationcontained in one coarsesolution cellnd its direct neighbo(®04ll and Lehner, 2002; Fekete et aD02; Olivera

et al., 2002)andupscaling methodthat useglobal information abouthe hierachy of streams to determine whidker to
represenwithin eachcoarseresolutioncell (Wu et al., 2011)IHU makes a first estimate of the representatier for coarse
resolutioncells but updates thisstimatewhere it leads to errolig upstrearrdownstream relations between detised on
contextual informatiorin an iterative processThis iterative approachwhich makes use of contextual dataakesIHU
effective andsuitable to be applied to high resolution hydrography da¢ation 2.1 provides a stéyy-step description of
IHU, section 22 describeiow representativeub-grid river parameterare derivedand section2.3 discusses the upscaled

MERIT Hydro IHU vldataset, which is released as part of this paper.

2.1 Flow direction upscaling

The IHU metlod is explained in this section and illustrated for a fictional riveFigure 1, where the used terminology is

explained in the legendfor convenience, weill henceforthrefer tothetarget coarseesolutionraster cells asellsand fine
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resolution rater cells apixels IHU requires a output cell resolutiofgrey dashedrid lines), which isa multiple of theinput
resolutionand two input maps: a finesolution flow direction and upstream area map (blue lines, whererddule indicates

a larger river)The goal of the upscaling method is to define the most representative flow direction foekéairows).

The IHU method exists of four iterations which all consist of three sTdysiterations are numbered and aimed at; (rpw 1
initiating upscaled flow directions; (row 2) fixing erroneous flow directions; (row 3) optimizing théétween outlet igel
distance; and (row 4) minimizing the error mégesrroneous flow directions. The steps of eacteration are lettered: (column
A) initiate, (column B) analyze and (column C) update. Each step is explained in detail below and refers to d@jgamel of

1. lteration 24 can be repeated to improve the results.
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Figure 1: lllustration of the Iterative Hydrography Upscaling (IHU) method. Firstly, 1A) the representative river pixel (dark red
105 square) inside the effective area (shaded area) arlde outlet pixel (orange square)are identified for each cellbased onupstream
area, then 1B) the fine-resolution flow path downstream of the outlet pixel (black lineyis traced to a neighboring cell1C) to set the
initial upscaled flow direction (orangearrow). Secondly, 2A)erroneous flow-directions (red arrows) are identified, and 2B) analyzed
in context of the fineresolution downstream flowpath (black line) with alternative outlet pixels (green squares) and tributary outlet
pixels (grey squares), to 2C) fix the flow direttons by relocating outlet pixels (orange square and arrows). Thirdly, 3A) outlet pixels
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with short in-between distance are identified (red squares), and 3B) alternative outlet pixels (green squares) with susfitiin-
between distance are searched, aftewhich 3C) outlet pixels are relocated and flow directions are updated accordingly (orange
square and arrows). Fourthly, 4A) remaining erroneous flow directions are identified (red arrows), and 4B) from each neigbring
cell the distance to a common downsgiam outlet pixel (green square) is measured, to 4C) update the flow directions (orange arrow)
to the neighboring cell with the minimum distance in order to minimize upscaling errors.

Step1-1: The first iteraion sets an initial flow direction fagach cellFirst, a representative river pixel is found for each cell
(dark red square). This pixel is defined as the river pixel with the largest upstream area within the effective aredérey sh
as described bgquation 1. Then, that pixel is tracgédwnstream towards the outlet pixel (orange square), which is set as the
most downstream pixel before leaving the cell. This first step of IHU builds on EAM as it uses the same starting point to
identify an initial reoresentative river pixel per cell. Befining the effective area for selecting the representative river pixel
in each cell, the method avoids selecting river segments that only pass through a corner of a cell and are unfavorable t
determine flow directins(Paz et al., 2006)

oo s ws? W wvs® Y? 1)
where aftare the coordinates of a pixe,ito are the coordinates of the center of a cell and R is half thkength
Step1-2: The outlet pixel okach cell (grey stpre) is traced downstream (black lines) until an outlet pixel in a neighboring
downstream cell is found. If no outlet pixel is found before leaving the eight neighboring cells, the trace is endédtat the f
pixel inside the effectiveraa downstream dhe outlet pixel, which is the default EAM procedusee trace downstream of
the outlet pixel otell b3to cell c3in the example
Step1-3: The initial upscaled flow direction (orange arrows) is set for each cell in the direttios cell wherehe trace in
stepl-2 ends.
Step 2-1: The second IHU iteration aims to conserve fiegolution flow directions between outlet pixels at the coarse
resolution, by repairing erroneous flow directions. The flow direction of a cell is erroneous iigtlofiet pixel downstream
is not located in its downstream cell (i.e. where the flow direction points to). In this step erroneous flow directaonsws)d
are identified. In the example erroneous flow directiond@urad in cell b3 as tle nextdownstreanoutlet pixel is foundn
cell d2and notcell c3andin cell f1 as the nextlownstreanoutlet pixel is foundcell e3instead ofcell e2 Step2-2 and2-3
are then executed for each cell with erroneous flow direction, sorted from cells with a small to large upstream argkeat the o
pixel, and iterated until no more flow direction can be ected.
Step 2-2 (illustrated forcell b3 only): The outlet pixel of a cell with erroneous flow direction (black square) is traced
downstream (black line) while potential alternative outlet pixels (green squares) are identified: these are defidadtas the
pixel before entering a new cell on the trace. Trhee ends at the next downstream outlet pixel of a cell with correct flow
direction and with only one potential outlet pixel. Cells directly upstream of cells with (alternative) outlet pixelgranghe
are marked as tributary cells and their outleefsi as tributary outlet pixels (grey squares). For all tributary cells the first and
last alternative outlet pixel to which a valid flow direction can be set are identified. The erroneous flowrdirarti then

updated based on the following iterativeqgedure:
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Starting from the most upstream outlet pixel on the trace, an outlet pixel is relocated to the most downstream altdenative ou
pixel in a neighboring cell for which flow directions fromethipstream and all tributary outlet pixels can be sgectly. If
required to set the flow directions of tributary cells corredliributary outlet pixelof a headwatercell (i.e. cells without
upstream neighborgpn e relocatedo an alternativeoutlet pixel This is repeated until the end of the trace is reached.

If at some point no valid alternative outlet pixel is found, the position of the last relocated outlet paxgjas fas a bottleneck
and not considered in tmext iteration. Note that there are no bottlenecks in the example.

This step is iterated until successful or no new bottlenecks are found.

Step 2-3: If step2-2 is successful the flow directions are apetl accordingly. In this example the outlet piscell c2 is
relocated (from black to orange square), thereby changing the flow directicellfoB andcell c1 (orange arrows). The first
outlet pixel downstream afell b3 is now located ircell c2 where the outlet pixel is relocated to the main stream. The first
outlet pixel downstream afell c1is located irncell d2. Note that the flow direction afell f1 cannot be repaired because two
rivers flow parallethroughits downstreancell e2 of which only one can be represented at the output resolution.

Step 3-1: The third iteration aims to optimize the distancd@tween outlet pixels, measured alongfthe-resolution flow
directiors. If this distance is short, one of the outlet pixels can potentially be removed in favor of another river segment within
the same cell. A short ibetween outlet pixel distance is not favorable when this distance is usetlttee river segment
length n routing models as it will decrease the accuracy or require smaller timesteps. In this step, outlet pixels with an in
between outlet pixel distance smaller than a threshold value are flagged (red squares). This thsestm@5% of the length

of a @ll edge resulting in flagged outlet pixels @il a2 andcell b2in the example. Then, stef? and3-3 are executed for
every cell with a flagged outlet pixel until no more outlet pixels are relocated.

Step 3-2: First, it is checked whether feagged outlet pixel can be removed while the flow directions of its upstream
neighboring cells can be set cottgc Then, alternative outlet pixels within the same cell are identified (green square).
Alternative outlet pixels should have a minimum upatnearea; a minimum distance to the next outlet pixel and may not be
located downstream of any other outlet piXehe minimum upstream area threshold is set to 25% of the celtaee@id
creating cells with small suprid arealn the example an alteative outlet pixel is found inell a2.

Step3-3: If one or more alternative outlet pixels are found for &inedtep 3B, the outlet pixel is relocated to the alternative
outlet pixel with the largest upstream area, and the flow directions are updatedingly. In the example the outlet pixel of
cell a2 is relocated (orange square), thereby changing the flow directi@melf@?2 andcell b2 (seeorange arrows). The first
outlet pixel downstream afell a2 is now located ircell b2 becauseell a2 now represents anotheresim. The first outlet
pixel downstream ofell b2 is now located ircell b3 as the originatlownstreanoutlet pixel incell a2 is relocated.

Step4-1: This iteration aims to miniime upscaling errors where erroneous fldnections cannot be repaired. This occurs
mostly where multiple rivers flow parallel through the same cell while one can be reprasatied8 format. First, cells

with remaining erroneous flow directions aftéep 2 are identified (red arrows). Thetgp4-2 and4-3 are executed for each
identified cell, sorted from cells with a large to small upstream area at the outlet pixel. In the example, the flow dfrectio

cell 1 is erroneous as two rivers flguarallel through its downstreacell e2
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Step4-2: The fineresolution path downstream of a cell with erroneous flow direction is traced (black line) and outlet pixels
on the trace are identified (green squares). For each neighboring cell theresaltg#on flow-direction isfollowed until it
reaches an outlet pixel on the tra€he distance to this outlet pixel from the neighboring cell and to this outlet pixel from the
cell with erroneous flow directions are measliin number of outlet pets and summed. This yields a combined distance to

a common downstream outlet pixel for each neighboring cell. If multiple neighboring cells have the same combined distance,
the cell with the largest upstream are at the outlatlis selected as downsama pixel. Finally, if setting the flow direction

to a neighboring cell yields the flow directions from two adjacent cell to cross, this cell is not considered. In the, example
combined distance from the pixel @fll f1 and neitpboring cellscell e, f2 ande2to a common downstream outlet pixel are
calculated.

If no downstream outlet pixel is found on the trace and the last pixel of the trace is at a river mouth or sink, thatepiasl i
outlet pixel in the cell with eoneous flow direction if vthin 2 cells distance. Note that in this case the outlet pixel is located
outside the cell where it belongs to. If iteratiod are repeated, this step is only executed in the last repeat. This situation
occurs if a larger riveflows through the cell wh the river mouth or sink pixel. This step preserves secondary rivers in cells
with larger rivers or multiple river outlets or sinks.

Step 4-3: The flow direction is updated (orange arrows) to the neighboring cell with tdreeshcombined distance o
common downstream outlet pixel (green square). In the example the shortest combined distacekffréonthe common
downstream outlet pixel icell e3is found incell 2, changing the flow directionfaell f1 to cell f2 (north). While this

introduces a small error tell f2, the error is contained to just that cell minimizing the upscaling error.

The sensitivity of th&® parameter to define the effective area in stédpas well as the minimumngth and minimum upstream

area thresholds used to optimize gl river length in step 3 are tested for the river Rhine basin, see apgerdixstep 2

4 are iterated, the mimium river length and upstream area thresholds may also affect the upscaliragg as it may provide

room for improvements in the next iteration of step 2. We found that the thresholds change the accuracy of the upscaled may
at less than one percenttbé output basin cells see Figltg. A lower minimum upstream threshold geally hasa positive

effect on the upscaling accuracy and number of cells with small lemgth butincreases the number of cells with small
upstream areal' he selected threshid provide a balance between accuracy and cells with small river lengthtobuating

area, but if the latter is of less importance the minimum upstream area threshold might thus be lowered for improved accuracy

2.2 Subgrid hydrography variables

Basedon fineresolution flow direction andoc a | butled pix8l®, several sulgrid variables are derived as showrrigure
2. The outlet pixel is the most downstream pixel of the representative river within eaceegirevious sectioand usd as
a link between the coarsand fine resolution data.
1 Thesubgrid areais defined by the pixels draining to the outlet pixel of a cell and is confined by upstream outlet

pixels, sed-igure2B. This area is atsreferred tas the unicatchment area as introduced by Yamazaki €2G09)

8



1 Theriver lengthis defined by the fingesolution flow path found by tracing the outlet pixel of a cell eitigeror
downstream until the nexiutlet pixel, sed-igure2C-D. When tracing a pixel upstream, the upstream pixel with the
largest upstream area is se in case of multiple upstream pixels. The length is calculated along thedgiow
pathbased on the pixel size, with diagonal steps are taken lig imes the pixel size. Both uand downstream

215 river lengths are used in routing models and derivere.

1 The iiver slopeis based on the MERIT Hydro elevation difference between two patedsset distance uand
downstream of the outlet pixéflere we used a default distance of 2 km, 1 krampl downstream of the outlet pixel.
The flow path along which the slope is derived is showFigure2E.

1 Theriver widthis based on the MERIT Hydro widttata layemt the outlet pixel. Note that this data contains gaps,

220 i.e. not all outlet pixels have a river width in thiederlyingdata, sed-igure 2F which shows river widths in green
colors Forglobal coveragand application in hydrological models thesssneed to be filledwhich isoutsidethe

scope of this paper

A. Flow direction B. Sub-grid area C. River length (downstream)
K\\ . N s i J
"\.\ . . .
\\\ ] \‘\.\
: [~—a_ 1 -
| ]
D. River length (upstream) E. River slope F. River width
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R i 1]
h‘\_ | ]
/

Figure 2: Output hydrography variables based on fineresolution flow directions (bluelinesin A-D; darker indicates larger upstream

225 area) and/or outlet pixels (squares). Each variablis highlighted in red for the center cell and grey for other cells. The subrid area
(B) is based on all pixels drainingo the outlet pixel and limited by upstream outlet pixels. River length is derived based on the length
of the flow path from outlet pixel to next downstream (C) or upstream (D) outlet pixel. The River slope (E) is calculated as the
elevation (grey colors) difference over a flow path from a seéhgth upstream to downstream of the outlet pixel. The river width (F)
is derived based on theub-grid river width (green colors) at the outlet pixel location.

230 2.3 Multi-resolution hydrography dataset

We derived the muHliesolution MERIT Hydro IHU dataset at resolutions of 30 arcsec (~1km), 5 arcmin (~10 km) and 15
arcmin (~30 km) by applying IHltb the recently published 3 arcsec MERIT Hydro d¥&mazaki et al., 2019Y he original
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MERIT Hydro data were nearutomatically derived based on the MERIT DENamazaki et al., 2017gnd several water

body datasets and sh@wod agreement with drainage areas reported by the Global Ruriaf€bater (GRDC). We selected

this MERIT Hydro as it has a larger spatial coverage (N90 to S60) and better representation of sma(lYsireanasi et al.,
2019)compared t@arlier pubished hydrography datasets. It also provides supplementary data layers including hydrologically
adjusted elevation, which is used to derive-gti river slope, and river channel width derived from the GIWBM permanent
water body laye(Yamazakiet al., 2014) which is used to derive sygrid river width. An overview of the layers in the
upscaledMERIT Hydro IHUdataset is given ifiablel.

Table 1. Overview of hydrography and metalata layers of the MERIT Hydro IHU v1 dataset.

Parameter | Name | Unit | Description |
Hydrography

Flow direction flwdir - D8 flow directions

River length rivien m Subgrid distance between two outlet pixels along the flow path, diag

steps are taken to hég times the pixel size. River length in ti

downstream direction has a A d

River slope rivsip mn? Average slope based on the elevatibiffierence between pixels at a s
distance of 2 km around (1 km-ugnd downstream) the outlet pixel
River width rivwth m Width at subgrid outlet pixel Note that the river width dataset conta

gaps, similar to the underlying MERIT hydro width whiaked to be filled
before application in hydrological models.

Subgrid area subare nv? Sum of subgrid pixd areas draining to the pixel outlet confined by
upstream sulgrid pixel(s)

Upstream area uparea km? Accumulated sulgrid area

Stream order strord - Strahler stream order

Elevation elevtn m+EGM96 | Hydrologically adjusted outlet pixel elevation whatedownstream cells

have equal or lower elevation than its upstream neighboring
following the algorithm described by Yamazaki et(2D12)

Meta data
Erroneous flow direction flwerr - Erroneous flow directions (binarysee section 2.4
Upstream area error upaerr knv? Difference in upstream area error between the upscaled and n
resolution river network at the outlet pixel.
Outlet pixel coordinates| outlon /| - Outlet pixel coordinates in EPSG:4326 projection.
outlat
3 Methods

Besides IHU, see Sectior2we usdhe Effective Area Method (EAM)Yamazaki et a] 2008)and Double Maximum Method
(DMM) (Olivera et al., 2002 performbenchmark andase studgxperimentsDMM is selectedas itis still often applied,
for example in theecently published mukscale routing moddlThober et al., 2019and EAM as it is at the basistbe IHU
method.For a full description of the methods we refer the reader to Appendixwelags the referenced papels.section

3.1 we describe the implementation wscaling algorithms and the application to the global MERIT hydro dataset, in section
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3.2the metrics used to evaluate the accuracy of the upscaling méatteodmbal benchmaréndin section3.3 the assessment

of the efect of upscaling method and obigtion on simulated discharder a case studgf the Rhine basin

3.1 Global application of flow direction upscaling methods

In this section we describe the application of the DMM, EAd IHU algorithms on the global MERIHydro dataset
(Yamazaki et al., 20197l flow direction methoddescribed in this sectipmcluding the DMM, EAM and IHU upscaling
algorithms,are implemented in the open source pythmyflwdir package fittps://pypi.org/project/pyflwd)r. For this paper

pyflwdir v0.4.4 was usedror te reading and writing of the geospatial raster data we used the rasterio python package

(https://pypi.org/poject/rasterid.

First some preprocessing is required to create a unique idedinéatecach basi. As we cannot fit the entire global dataset

into memory, an initial estimate based on the HydroBASINS dataset
(https://hydrosheds.org/images/inpages/HydroBASINS TechDoc_v]onadf used. First, we assigned each outlet in the
nativeresolution MERIT Hydro dataset tile by tile to the neafe$ta f st et t er L e basih. W2 thethyiskd tbeB A S |
bounding box oéach Pfafstetter lev&HydroBASINSbasin, to combine the MERIT Hydro data tiles and delineate the basins

in the MERIT Hydro dataset. Within each Pfafstetter l/élasin, all indivilual basins were numbered from the largest to
smallest basin based orearto get a unique ID for each basin.

As the upscaling algorithmdo not require information about the entire basin, the algorithms can be appich tile with
sufficient overlap We found thatiles of 10 by 10 degree with buffer of 10 times theatget resolution provide consistent
results.For each tile the flow directions are upscaled, local flow direction errors (see next section) are calculaged, sub
area, river lengthslope and width variables are deriyadd the native resolution upsira area and basin values at the outlet
pixels are reado assess the upscaling accurésge sectior8.2). After upscaling, the coargesolution datavere again

combined for each Pfstletter leveR basin to derive upstream area, stream order and hydralggdjusted elevation.

3.2 Upscaled flow direction accuracy metrics

We compute the following metrics at the global scale to benchmark the IHU against DMM and EAM:

1 Erroneous flow diections The flow direction of a cell is erroneous if the first outlet pixel downstream of the outlet
pixel of that cell is not located in its downstream cell (i.e. where the flow direction points to). Examples of erroneous
flow directions are given by ¢hred arows inFigure 1 panel 2A. This measures the local accuracy of the upscaled
flow directions, with less erroneous flow directions indicating a betteeseptation of fine resolution confluences
at coarseresolutions.

1 Upstream area errorThe difference in upstream area between the target resolution upstream ardé@ateellthe

finer esol ution wupstream ad.eThis isah aggrdgated ceaburesob thecaccuracy of allp i x
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upstream flow directions. Based on the upstream area error we define: (2) absolute(8ymalative error ; and

(4) mean relative errdr

P o6 o, &
i = (3)
i _B ¢ s, “)

3.3 Case study setup

For a case study of the river Rhine in Europe, we assessed the effect of resolution and upscaling method on simulated rive
discharge for a synthetic ruffi@vent. Foreach method we calculated the difference in simulated peak flow magnitude and
timing between three upscaling methods at resolution of 30 arcsec, 5 and 15 arcmin and a simulation based on the baseline
arcsec resolutioVe expect smaller dgrences forHU compared to other upscaling methods, especially at river confluences.
The Rhine basin catchment area up to the river outlet near Rotterdam, the Netherlands, has a surface area of approximate
195,000 km, seeFigure3. The basin has many smaller contributing-bakins including the Meuse basin with its confluence

near the river mouth after flowing parallel to the Rhine for many kilometers. Furteeam, the Moselle basin has many
meanders anith the upstream Swiss siifasins many lakes are present. These features are typically hard to represent at coarser
resolutions and therefore allow for a detailed benchmark between upscaling methods. Notedfiat the river flow in the

Dutch part othe Rhine is more complicated than can be captured in D8 flow directions with an important bifurcation, splitting
the Rhine into thgjsseland Waal rivers and canals between the Waal and Meuse rivers.

The synthetic runoff event is assumed to be uniforidyributed throughout the Rhine basin. The runoff event is triangular
shaped with a total duration of Hays it starts with 1.2 mnday* andincreasedinearly to 6 mmday* in 5 daysafter which

it decreasgback to 1.2 mnday? in the next Sdays This yields an initial flow of around 2,700% and a peak discharge of

around 10,800n%s?, which roughly correspontb average and-in-35 year discharge conditionsspectivelyfor the Rhine

basin at Lobit({Hegnauer et al., 2014)

A routing model was setup to simulate channel flow for river cells, here defined as cells with a minimum upstream area of 10
km?. By using this threshold, the area of headwater catchmfmtsvhich we assume instantaneous drainagemore
comparable between m@stions. Routing was based on a kinematic wave routing model, solved using the Nehdpson

scheme as described in Chow e{8888)at a fixed timestep of 15 minutes. Runoffadfeadwater celind within a river cell

is instantly accumulated and fed to the channel at the outlet pixel of that cell. Channel length, slope and width at atisresolutio
are based on definitions in secti@r?, where for the fingesolution baseline data every pixel is considered to be an outlet
pixel. A default length of 2 km around (1 km-ugnd downstream of) the outlet pixel was used to calculate the slope. To fill
gaps in the river width observations vitted a powedaw relation between upstream area (A), as a proxy for bank full

discharge,and MERIT Hydro river width (w) according to equation 5, where a and b are fitted to be 0.15 and 0.664
12



respectively, for more details see Appendix B, Figure ldte that this is a simple approadat will not yield satisfying

310 results if applied on largsecale or to actual events instead of a sensitivity analysis based on a synthetic event.
0 WO, )
In addition, we applied a default manning rongbs coefficient of 0.03 and a minimum slope of 0.1 m/km. The default
parameters are sgited after a sensitivity analysis of the results to the channel slope length, width and roughness parameters

see Appendix E, Figurgl-2. While the simulated disctge peak magnitude and timing are sensitive to these parameters in

315 varying degrees, itaks not greatly affect the differences between methods and does not change the conclusions based on it.
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Figure 3: Study area: Rhinebasinwith average, elevation, rivers and basin outlines based on MERIT Hydro IHU 30 arcsec daet
(this paper); lakes are derived from the hydro Lakes datasgiMessager et al., 2016)

4 Accuracy of upscaling methals

320 In this section we benchmark the accuracy of IHU against the DMM and the EAM globally oneesedneous flow direction
and upstream area errors. Note that the results are presented at different spatial scales, from indivigigaired)isq basins
(Table2) ard 1 by 1 degree tiles-{gureb).
First, we analyze the percentage of native resolution basins that are resolved in the upscaled flow direction maps. A basin i

not resolved Wen it drains completely into neighbiegi basin(s) when upscaled and subsequently has no river outlet or pit at

13



325 the coarser resolution. At each resolution we analyze the basins with a total area larger than approximately one cell. IHU
resolves more than 8% of the basins above the set thrédd@ompared to 85.7% and 87.6% for DMM and EAM at 30
arcsec resolution while a larger percentage is resolved at courser resolutions, see firsaf@2irOnly 2 basins larger than
5,000 kn? are not resolved a5 arcmin resolution using IHU. These are an endorheic basin in the south of the Arabian
Peninsula (6996 kfhand a small basin in Ontario, Canada (6838), see Figure G2. Both are merged with a larger nearby

330 basin as the river mouth or pits runs thgh the same cell as the outlet or sink and it cannot be not assigned to another
neighboring cellThe largest unresolved basins at 5 arcmin has an B8&2b kn? andat 30 arcsec an area of 40%km
Next, we assess the percentage of cells with errorilousdirections. This error is at the base of all upscaling errors discussed
in this section and thus an important performance metric. The percentageluéd basins that have less than 5% cells with
erroneous flow directions is above 92.2% for IHU latesolutions analyzed compared to 20.8% for DMM and 43.7% for

335 EAM, see third row iriTable2, indicating that many more confluences are properly resolved at the upscaled resolution. The
difference between the meti®is smaller for basins with less than 1% cells with erroneous flow directions. Wiskctired
iteration of IHU successfully limits this error compared to DMM and EAM, it cannot be avoided. For cells with parallel fine
resolution flow paths it is impoisde to correctly set upscaled flow direction for all cells in the D8 format.

Table 2: Percentage of resolved basins with area larger than approximately one cell that meet performance criteria based on relative
340 basin area error, relative upstream area error { » guarger than 1% and cells with erroneous flowdirection. For each criterium, the
worst performance across all resolutions per method is highlighted.

30 arcsec 05 arcmin 15 arcmin

~1 kn¥ (510637 basins) ~100 kn? (27043 basins) ~900 kn? (7506 basins)

DMM EAM IHU DMM EAM IHU DMM EAM IHU

1. Basins resolved 437821 | 447228 | 491203 24060 24693 26537 6502 6758 7336
(percentage of total basins) (85.7%) | (87.6%) | (96.2%) (89%) (91.3%) | (98.1%) | (86.6%) (90%) (97.7%)
2. < 1% cés with flow dir errors 30.6% 49.4% 89.5% 20.8% 42.1% 82.2% 27.4% 50.1% 86.5%
3. < 5% cells with flow dir errors 30.6% 50.8% 95.7% 20.8% 43.7% 92.2% 27.4% 51.2% 92.7%
4, <1% cells with >1% 27.0% 45.1% 85.8% 16.9% 37.4% 79.4% 23.1% 45.0% 84.5%
5.<5% cells with > 1% 69.0% 79.3% 95.1% 59.7% 75.4% 93.9% 69.9% 83.7% 96.3%
6. < 1% basin area error 68.3% 69.3% 97.9% 61.4% 67.1% 96.6% 61.0% 66.0% 96.3%
7. < 5% basirarea error 75.0% 77.1% 98.3% 70.5% 76.2% 97.2% 68.1% 74.9% 96.8%

The relative upstream area erfior ( considers the cumulative upstream error of erroneous flow directions. We find that more
than 93.9% of the resolved basins have less than 8&weseeeding the 1% upstream area error threshold for IHU compared
345 to 59.7% for DMM and 75.4% for EAM, see fiflow in Table2. The difference between the methods is larger for basins
which have less thaso cellsexceeding the 1% upstream area error threskiggire 5 shows the percentage of cells within
a 1 by 1 degretle with a relative upstream area error larger than 1% for 5 arcmin resolution output maps. Thecdgfere
between methods are consistent across the resolutions analyzed, see Fgur®DHU, most tiles have less than 1% cells
with larger than 1%elative upstream area error. Exceptions are found in mountainous, glacierized-tamtidagions, see
350 green areas iRigure5. For example, in dfand areas such as the south part of Arabian Peninsula, North part of Lake Eyre
in Australia and some parts in the Sahara, where large rivers are absent, existingastegghemeral and flow directions

extremely parallel, see for example Figure C1 andI€4egions covered by ice sheets such as Greenland, streams are not
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well depicted by the terrain elevation based on which flow direction are estimated to be exteraitdy ph such areas, even

at high resolutions, flow directions are highly uncertain.

The basin area error is analyzed based on the relative upstream area error at the basin outlet cell, as shownRigghreots in
5for the 500 largediasins globally. For IHU more than 96.8% of the resolved basins have a basin area error relative to original
basin area of less than 5% compared to 68.1% for DMM and 74.9% for EAM, see seventiTedde®d This difference
between the methods is largéth abasis areaerrar of less than 1%. While thé'dteration of IHU, see sectidhl, successfully

limits this error in comparison to DMM arigAM it cannot completely be avoideldarge basin area errors of more tha®4l0

for basins larger than 1000 Rmccur at 360 basins at 15 arcmin, 91 at 5 arcmin and zero at 30 arcsec resolution. The largest
basins with a 10%asin area eor at each resolution are shown iguire C35. These errors occur when sections of basinare

merged with neighboring basibecausa cellfrom one basimets isolated between cells from another basiinone of the
neighboring cells share a downstream outlet pixel.

The absolute upstream area error foralls shows an improvement in performance for IHU compared to DMM and EAM,
seeFigure4. While the error increases slightly witirger resolutions it is consistently lower at all resolutions for IHU. At the

5 arcmn resolution 2.5% of the cells have a positive and 0.7% a negative upstream area error compared to 9.9% positive an
30.2% negatie for DMM and 15.3% positive and 5.8% negative for EAM. In general, DMM shows a large percentage of
negative upstream area@ns while EAM and IHU tend to be skewed towards positive errors. Negative errors typically result
from upscaled flow directionfiat cause a shortcut in a meandering section of a stream. The cells between the start and end of
the shortcut then become a néwvanch in the upscaled flow direction map with smaller upstream area. Both positive and
negative errors occur when a confluemeethe upscaled flow directions is erroneously located upstream from the actual
confluence, thereby increasing the upstream are@ne branch while decreasing it in the other branch where the number of
cells with a positive or negative error depends enléimgth and the number of outlet pixels on each branch, see example in
Figure C6.
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Figure 4: Absolute upstream area for DMM ( blue), EAM (orange) and IHU (green) at three different resolution from 30 arcsec
(~1km:; left column) to 15 arcmin (~30 km; right column), where the black lines indicate the median error, the box the 235
percentiles, the whiskes the 1-99 percentiles, the diamonds the 0-29.9 percentiles and the dots the min and max errors.
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380 Cells with upstream area error larger than 1% [%] Relative basin area error [%]

Figure 5: Relative upstream area error * .  aat a5 arcmin resolution (~10km) for DMM (upper), EAM (middle) and IHU (bottom).
The background colors show the percentage of cells per 1x1 degree tile with a relative upstream area ewbmore than 1%, while
the markers show the relative upstream area error at the outlets or sinks of the 500 largest basins globally (blaclebh
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5 Effect of upscaling method on simulated discharge

385 In this section we assess the effect of the flow dwaatpscaling method on simulated discharge for a case study of the river
Rhine basin. First, we discuss the upscaled flow direction mapsregthting upstream area error as showikrigure 6.
Compared to DMM and EAM, the upstream area error for the Rhine basin based on IHU is smaller (negligible at 30 arcsec)
and more localized. A clear error that occat 5 and 15 arcmin resolutions with DMM and EAM is the erroneous confluence
of the Meuseiver which is merged in the main stem upstream from the actual confluendggee=s. Furthermore, at 30

390 arcsec and 5 amin resolution many meandeérsthe Moselle basin are not correctly resolved with DMM and EAM. For IHU
at 15 arcmin a small error in the total basin area is made as a small stream near the outlet is erroneously mergédhmto the R
basin yielding a sma#rror of 55 ki (0.02%) at he outlet, se€igure6l.

30 arcsec 05 arcmin 15 arcmin

upstream area error [km?]

Figure 6: Upscaled MERIT Hydro flow direction network for the Rhine river at resolutions of 30 arcsec (left column), 5 arcmin
395 (cente column) and 15 arcmin (right column) as derived with DMM (first row), EAM (second row) and IHU (third row), where red
colors indicate a negative and blue colors a positive upstream error. The line thickness is scaledhwtfite upstream area.
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These flow diection maps together with sigid drainage area and river map are used to setup a distributed routing model to
simulate discharge as the result of a synthetic runoff event that is uniformly distributed throughoghthermaiVe analyze

the differencebetween simulated discharge in the upscaled model compared to the original 3 arcseEigweéél.shows

the runoff eventr{ght y-axis) and resulting flood peak wave at the river outddt y-axis) for all methods anasolutions. It

is directly clear that models based on EAM (orange) and IHU (green) perform much better, i.e. show better similarity to the
model at theoriginal 3 arcsec resolution, than the models based on DMM (blue). The largest error in flood mgghdade

m3s?) and largest error in flood peak timing4 hours) are found for DMM at 5 and 15 arcmin resolution. These errors are
likely due to apositive total area error in combination many shortcuts in the upscaled river neseelfigure 6A-C. The
largest errors in flood peak magnitude for EAMF2 m3st) and IHU (287 m3s?) are found at 15 arcmin resolution and the
largest error in flood peak timing for EAM {+hours) and IHU (2 hours) are found & arcmin resolution. Both errors for

both models have opposite signd arevery smallcompared to models based on DMWhile there are clear differeas in

the upstream area error between EAM and IHUFsgare6, the differences in simulated flood peak at the river outlet between
EAM and IHU are sm This is likely because the effect of upstream area errossroulated discharge cancel out at the river

outlet seeFigure6D-I, resulting in a net similar effect on the simulated discharge.

DMM EAM IHU
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Figure 7: Simulated discharge at the river mouth of the Rhine rivemear Rotterdam for a syntheticaccumulatedrunoff event (grey
line) and based on models with riéve 3 arcsec resolution flow directions (black line) in comparison to upscaled flow directions based
on DMM (blue; left), EAM (orange; center) and IHU (green; right) at 30 arcsec (dashed line), 5 arcmin (dastiotted line) and 15
arcmin (dotted line) resoltion. Note that the simulated discharge for the 30 arcsec EAM and IHU runs largely overlap with the
native 3 arcsec run.

To better understand the effect of flaivection upscaling on river routing we therefore extend this numerical experiment to
many lo@tions across the Rhine basin, Bagire8. The locations are selected based on the outlet pix€satmin resolution

that are at theasne location or near outlet pixels a higher resolution. We use a maximum relative upstream area error of 1%
to select nearby outlet pixels at higher resolutions on the same stwhioh resulted in 214 locaticior EAM compared to

343 for DMM and 344 for IHU. The relatively small number of comparable locations for Eédn be explained by the
definition of the outlet pixels which aselected within the &fctive area rather than at tedge of a target cell and therefore

less likely to be the same between resolutions. Generally, simulated discharge based on the IHU upscaled river network yielc
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smaller flood peak magnitude and timing differences compar&MM and EAM.In general, the IHU models show better
similarity to the native resolution model acrdiss full distribution of locations for both flood peak magnitude and tiniihg
maximumrelativedifference inflood peak magnitudbetween resolutiofor 50% ©5%) of the locations is smaller equal

t0 1.8% (6.3%)for IHU compared t®.8% (24.2%) foEAM and14.2% (98.5%) foDMM across all resolutionseeFigure

8D. Similarresults are found in terms @6od peak timing where for 50% (95%) of the locations the maximdifference
between reslutions is smaller or equal to 2 (11) hourslfét), compared t& (13) hours foEAM and5 (29) hours foDMM,
seeFigure8H. The differences in simulatetischarge are caused by (local) upscaling errors in the river netiwdoth the

DMM and EAM low resolution river networks the Meuse River (most downstream and largest tributary with a size of about
16% of the total basin) is merged into the main stestream from the actual confluence, causing large differences in both
flood peak timing and magnitude in the Meuse section downstream of the erroneous confleefficeire 8A-B and EF.
Differences in flood peak simulation between upscaled and native resolution models are not only due to upscsliaigerr

the upscaling of river width and slope are crucialsoale invariant discharge simulations. For instance, differences in river
width between resolutions in the upstream part of the Rhine Basin cause a double peak at high reSiB@tiarss¢) to
smoothen out into a single peak at lower resolutionsdiyigrelativelylargedifferences in flood peak timing, seEigure8F

andG. In the model, lakes and reservoirs are iniyicepresented by larger channel widths from the MERIT Hydro dataset,
introducing a buffering capacity in the river system. As the nividth at lower resolutions is represented by the width at the
outlet pixel of each cell the buffering capacity idfeliént. Averaging the river width would change the buffering capacity as
this results in a smoothened river width. The sensitivity obimellated flood peak timing to river width is shown in the first
row of FigureF2, where simulated river widtis used for gaps in the river width data only (default); for lakes and data gaps
or for all cells(for detailssee Appendix B Using simulated river widths at lakes and reservoirs, minimized the timing error
in the (upstream) Rhine. Besidemith, the error in flood peak timing is also sensitive to the length along which the river slope
is calculated, see FiguRe. If this length is varied with the model resolution, large errors in flood peak timing are introduced.
However, the flood peakniing error is less sensitive to the precise length within a range of 1 to 5 km.
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Figure 8: Maximum absolute dfference in simulated flood peak magnitude ¥'E ¢ top row) and flood peak timing (W]-E wol

bottom row) betweenupscaled B0 arcse¢5 arcmin and 15 arcmin) and the baseling3 arcseg resolutions in the Rhine river basin

450 based onDMM (first row), EAM (second row) and IHU (third row ) upscaling methods The right-most panels shovithe CDF curve
for each method.with N denotes the number otomparable outlet pixels locations across atesolutionswhich are selected based on
a maximum 1% upstream area difference. The marker size is scaled with upstream area and markers are plotted in order with
increasing upstream area.

6 Discussion

455 The proposed IHU upscaling method was shown to successfully upscale flow direction data from 3 arcsec data to resolution
up to 15 arcmin.HU balances between traditional methods such as DMM and EAM which only use local information and
DTR which uses gladl information about the hierarchy of streams to determine whiclysdtstream to represent in each
cell. IHU makes a first estimate ofgthepresentative stdrid stream, but updates this for cells with erroneous flow directions
based on contextual immation. This makes IHU better suitable to be applied to high resolution hydrography data.

460 Compared to EAM and DMM, flow directions are teetresolved, specifically near confluences. This is important for correctly
modelling flood peak propagation dowrestm of confluences, especially when flood peaks in nearby)fsdins are
correlatedBerghuijs et al., 2019Erroneous IHWpscaled flow directions are still found in eland and icecovered areas

where the actual flow directions are also highly uncertain. These upscaling errors are mainly caused by many parallel flow
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paths in the fine resolution hydrography data. This itlypa limitation inherent to the D8 format, which cannot represent
multiple rivers that run parallel through a cell, making it impossible to upscale flow direction data without any erdera. Whi
large majority of the basins has very small total areargup to 15 arcmin resolution if upscaled with IHU, the small number
of large basins with more than 10% area error does increase with decreasing resolution. The exact upper limit of tolerable
upscding errors and thus upscaling resolution, depends @pjilcation and region of interest. We believe that the 15 arcmin
maps are suitable for many global scapplications butesults in reported areas with lower accuracy should carefully be
interpreed. To guide the user on the quality of the upscaled MERHro IHU dataset we therefore provide qualitative
metadata of erroneous flow direction and upstream area Eh®DTR method by Wu et gR011) tries to solve the parallel
flow path issue by allwing for rivers to be diverted through adjacent cells in favor of smaller rivers within that cell. Potentially,
a stepwise upscaling procedure would even better preserve the largest basins and coultbtestang avenue for further
research.

Besides flow directions, IHU derives additional layers of-gtid drainage area, river length and slope dat&r width
estimates for large riverand hydrologically adjusted elevatioWhile these layers cover most parameters required in the
routing modiles of many hydrological models, for a complete river parameter datskticoverage river width layer is
required as well as river bed roughness. For more advanced routing models a river bed level and rudirdegrtk might

also be require@yamazaki et al., 2011Beveral studis have shown that it is very hard to calculate reliable riveriopes|
from global DEMs(LeFavour and Alsdorf, 2005)vhile river routing based on a kinematic wave solution, as commonly used
in large scale hydrological models, is very sensitive to the river §ldpeber et al., 2019; Yamazaki et al., 202\)e found

that a constant length across all resolutions of at least 1 km (500 amdiglownstreamfdhe outlet pixels) is required to
provide a relatively scale invariant estimate of river slope pheabin the case study, see Fighie2. To achieve complete
coverage of river width, the stdrid river width data requirto be interpolated for dagaps and lake and reservoir areas if
these were to be modelled explicitly in the routing model. Heeaysed atrongly simplifiedpowerlaw relationship between
width and upstream area. Fagrplicationdor realeventsnstead okensitivity analysis wit synthetic datgathis estimate should

be improved using the wedistablished geomorphic relationshigween banfull discharge and river depth as proposed in
the downstream hydraulic geometry framew(r&opold and Maddock, 1953; Savenije, 2Qd8}) instance by the clustering
approach proposed by Andreadis e{2013)or additional river width data from e.g. At and Pavelsk{2018)

In this study we benchmarked several upscaling methods based on the samelbaleljnaphy data. Tischoicewasmade

to focusthe papepn differences in wgraling methodsvhere we assume the underlyinigh-resolutiondataarecorrect For
future studies it would be interesting to also compareMtB®IT Hydro IHU dataset with ofte used hydrography datasets
such as hydroSHED@& ehner et al., 208) and hydro1KU.S.Geological Survey, 2000pboth in terms of accuracy of the river
network and effect on simulated discharge for actual events

Most multiresolution routing models use data at-precessed resolons (Li et al., 2013; Wu et al., 2014; Yamazaki et al.,
2011) However, Thober et g2019)recently presented a mukicale routing model that includes the upsaalof flow

direction data based on DMNBasel on the presented resultsjng a multiresolution modelling approactith hydrography
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based on IHUvould likely improvethe models capability to simulate similar fluxes independent of the model resolution in
studies like Imhoff et a{2020) Furthermoreusing a hydrological nesting approatfe model resolution could be varied

within the model domain to add resolution where requioe@ correct representation of specific processes

7 Conclusions

To describe flow directiasand subgrid river parameters in distributed hydrological models of different resolutions based on
increasingly higher resolution hydrography datasets, automatic upscaling methods are required. The Iterative Hydrography
Upscaling (IHU) method takes highsolution flow direction data and upstream area data as input to derive flow directions at

a coarser resolution while preserving the river structure. IHU was successfully applied to the 3 arcsec MERIT Hydro dataset
to derive the MERIT hydro IHU mukiesolution hydrography dataset at resolutions of 30 arcsec (~1km), 5 arcmin (~10 km)
and 15 arcmin (~30 km). Additional layers of syitid drainage area, river length, slope and width parameters are derived
based on fingesolution elevation and river widtla.

Compared to other often used upscaling methods, upscaled flow direction maps with IHU show improved accuracy on all
metrics presented globally. For a case study of the Rhine basin we show that using IHU based hydrography maps allows t
use lower redation routing models with similar result for the entire the basin. Besides the upscaled flow direction data, the
model similarity is also sensitive to how sghd river slope and width variables are derived. Because IHU is completely
automated and yet earate, it allows for a rapid uptake of new hig¢solution flow direction data in distributed hydrological

models at different resolutions.
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Appendix A: Upscaling methods used for benchmarking

The EAM, DMM and IHU have three steps in common. First, alxselected for every cell that determines the representative
river within the cell. Second, the pixel is traced downstream until a certain criterium in a neighboring cell is methé hird,
upscaled flow direction is set towards that neighboring Ték. differences between the methods are based on how the first
two steps are implemented. DMM and EAM are illustrated in Figure Al and briefly describe below, more detailed descriptions
can be found in the papers referenced.
Double maximum method
1 Stepl-1: The outlet pixel is defined as the pixel with the largest upstream area that is either a basin outlet pixel within
the cell or located at the edge of the cell (grey squares).
1 Stepl-2: The cell is offset half the cell size in the direction of thik q@adrant in which the outlet pixel is found
(dashed grid lines). The outlet pixel is then traced downstream until it leaves the offset cell (black lines).
I Stepl-3: The upscaled flow direction is set to the cell where the trace ils2emds (orage arrows).
For a detailed description of the method we refer to Olieesd (2002)
Effective Area Method:
I Step2-1: The representative pixel (dark red squares), is defined as the pixel with the largest upstream area which is
located within the effective area (shaded area) defined by equation 1, seeZéction
1 Step2-2: The representative pixel is then traced until the first downstream effective area is reached, which by
definition is in a neighboring cell (black lines).
1 Step2-3: The upscaled flow direction is set to the cell where the trace ir2stepds (orage arrows).
For a detailed description of the method we refer to Yamaetaki(2008)
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Figure Al: Visual explanation of the Double Maximum Method (DMM,; first row) and Effective Area Method (EAM; second row).
The target resolution grid (grey lines) and fineresolution upstream area map (blue colors) are shown inlgblots. The representative

540 (EAM) or outlet (DMM) pixels (squares) are traced downstream until a criterium in a neighboring cell is met (black lines) anthe
upscaled flow direction are set (orange arrows).

Appendix B: River width interpolation

To fill gaps in theiver width observations we fitted a powlamv relation between upstream area (A), as a proxy for bank full
discharge, and MERIT Hydro river width (w), see equation 4. The MERIT Hydro river width was taken for all ts/eiitbéh

545 the Rhine catchment elacling cells within lakes and reservoirs based footprints from the hydro(lslessager et al., 2016)
and GRAND databasékehner et al., 2011We used a least squared error fitting algorithm fronpgitbon scipy.optimize
packaggVirtanen et al., 2020)hich was iteratively fitted to the sample after removing outliers based on the best fit. Outliers

are deined based on the difference between observed and simulated width of at leagf@0nall widths) and the simulated
width (for widths larger than 100 m).
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Figure B1: Fitted relationship between river width and upstream area for the river Rhine basin
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Appendix C: Examples of upscaling errors
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Figure C1: Largest endorheic basin (896 kn¥) which is not resolved at 15 arcmin resolution indicated with highlighted basin pit.

555 The blue lines show the fine resolution river, the background colors show basinimdaries, the dash lines the coarse resolution grid
and the arrows the upscaledldw directions pointing from the outlet pixel or the original cell to outlet pixel of the destination cell.
Flow directions are red if erroneous (left) and green for a positie- and red for a negative upstream area error (right).
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Figure C2: Largest exorteic basin (6830 kr) which is not resolved at 15 arcmin resolution indicated with highlighted basin outlet.
560 See caption of Figure C1 for a full description.
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Erroneous flow directions Upstream area error
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Figure C3: Largest basin (914 knd) with a relative upstream area error of more than 10% at 30 arsec resolution indicated with
highlighted cell. See caption of Figure C1 for a full description.
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565 Figure C4: Largest basin (16717 krf) with a relative upstream area erra of more than 10% at 5 arcmin resolution indicated with
highlighted cell. See captiorof Figure C1 for a full description.
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Erroneous flow directions Upstream area error
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Figure C5: Largest basin (42017 krf) with a relative upstream area error of more than 10% at 15 arcmin resolution indicated with
highlighted cell. See caption of Figure C1 for a full description.
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Figure C6: Secondlargest local upstream area error £220876 knf) at 15 arcmin resolution indicated with highlighted cell. See
caption of Figure C1 for a full description

Appendix D: Accuracy benchmark of upscaling methods

This section shows maps of the relative upstreaa arror at resolutions of 30 arcsec and 15 arcmin in addition to the map at
575 5 arcmin as presented in section 3.
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Figure D1: Percentage of cells at a 30 arcsec (~1kn®solution per 1x1 degree tile with an absolute relative upstream area error of
more than 1%, while the markers show the upstream area error at basin outlet and the black lines the outlines of the 200 largest
basins globally.
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