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10 Abstract. Distributed hydrological models rely on hydrography data sudloagirection, 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

15 describe river networks in models. Additionally, it derivepresentativeub-grid river attributes-such-as-drainage-area;-river
length_andslopeand-widtlparameterswhich are required foresolution-independenimodel resultsWe derived the muki

resoution 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 impaowedcy of IHU at all
resolutions studied compareddther often appliedpscalingmethods. Furthermore, we show thatrgVIERIT Hydro IHU-

20 derived-hydrography-datminimizes the errors made in timing and magnitude of simulated peak discharge throughout th
Rhine basin compared to simulations at the natata desolutions. As the methodoisen source anfillly automated, it can
be applied to other higtesolution hydrography datasets to increase the accuracy and enhance the uptake of new datasets i

distributed hydrological models in the future.

1 Introduct ion

25 Largescale distributed hydrological and land surface models are used to provide estimates of available water resource:
(Schewe et al., 2014; Wada et al., 2Q0Tipd risk (Hirabayashi et al., 2013Vard et al., 2013)drought risk(\Veldkamp et
al., 2017; Wanders et al., 20 8¢ldkamp-et-al—2047and food productioKummu 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 surfacekéhhis is a

variablefor understanding the water,engy and biogeochemical cycles and the effects of disturbararesahthropogenic

| 30 climate change on these cyc(®¥ood et al., 2011)
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The spatial pattern of average streamflow conditions is largely determined by the contributing areer glegimenfQuinn

et al., 1991)which is imposed on distributedmodel by its flow directin data i.e.: a rasterized representation of the river

network Simulated peak streamflow is particularly sensitive to the accuracy of the floviiatiseand river channelnd

floodplain parametrizatio(Paiva et al., 2011; Zhao et al., 205N vey important at river confluencd&eertsema et al.,
2018; Guse et al., 2020; Metin et al., 20204 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 calibi@®ren, 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 nodelsieve similar model results independent

of spatial resolutiofiSamaniego 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 paramétpersoff et al., 2020)

Furthermore, integrated modesuchashydro-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 -negidilution hydrography data fane seamless coupling of

flow directions at the model domain boundaiés

Flow direction datasets are déwaged at a fixedhigh as possiblgesolution and typically described intlied et e r mi ni st i

neighborso (D8) format, which sets the dowacelsiVelkkmwdi r ec

high-resolution(©1 km)flow direction datasets include the 30 arcsec resolution hydtd.B Geological Survey, 200@hd
the 3 arcsec resolution HydroSHEQS®hner et al., 2008nd MERIT hydrdYamazaki et al., 2013jatasets. These datasets

arederived fromhydrologically conditioned higitesolutionelevation data based on the direction with the steepest(@ape
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Lehner et al., 2008; Yamazaki et al., 2019 like typical geospatial datauch as elevation, hydrography dasmnoteasily

be scaled by spatial resampling technigues and extensive data processing is requaedetgisispatial resolutigihehner

and Grill, 2013) Therefore specializedautomatedupscaling methods to describe high resolution flow directions and river

parameters at coarseodelresolutions (typicallyO1 km)are required to leveradbese datasets fdistributed hydrological

modellingandto achieve seamless integrated mdsolution modelling.

Several D8 flow direction upscalimgethods have been develod@&ibll and Lehner, 2002; Fekete et al., 2001; Olivera et al.,

2002; Wu et al., 2011; Yamazaki et al., 2008)t none provides a fully automated ofsemrce methodhat can easily be

applied on high resolution flow direction dagev

Wu-et-al—2011)Most of these methods first determine which riveegmento represent within eaatpare-resolutioncell

and subsequently set the upscaled flow direction baséde-resolution flow direction®f that riversegnent However, to
correctlydetermine which river to represent within a cell in order to preserve the river network often nequédésformation
than contained in just one celhd its direct neighbor$or instance, lie commonly usedearseresolution-flow-direction
datasets;-such-&3DM30,were-initialized-based-on-an-automatic-upscaling-method,-such-as-DMbathsetwhich isused

by most global hydrological models within theter-Sectorallmpact Model Intercomparison Profeyvww.isimip.org,

requiresmanual correctionafter an automated initial proceduieoeensure the river networkvgell preservedDoll and Lehner,

incircumvent 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 neWhbers.

effective,this format has not been used outside the C&Mad modelYamazaki et al., 2011pr which it was developed as

most models are built to work with D&idh. The hierarchical dominant river tracing (DRT) algoritiiVu et al., 2011uses

3
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global information toorder steamswithin a basin todetermine which river segrert to represeniwithin a cellandreroutes

100 rivers through neighboring cells if required/hile DTR hasproven successful at automatically upscaling 30 arcsec flow

direction data to coarser resolutiqigu et al., 2012)butits applicatioris-might belimited at higher resolutions as it requires
globalinformation-thusentire basins to be loaded in membgfore-processingFurthermore, none dhes¢he D8 upscaling
methodsderive-subgrid-derives both river parameters-such-dsngth and slopsub-grid parameterswhich are requireébr
scaleinvariant-parametrization-by mosthydrological models

105 The first objective of this paper is therefore to develop a fully autonia®eftbw direction upscaling algorithm in order to
derive seale-invarianflow direction andsub-grid-drainage-aresepresentativeiver length and slope parameters that can be
applied to higkresolution (< 1 km) global hydrography data. The second objective is to evadwatbe choice of upscaling

method and resolution affect peak discharge simulafibepapefTheremainder of thipaperis set up as followsSection2

describes the i i it i imewly developed lterative

110 Hydrography Upscaling (IHUnethodand eutput-datasets,—and-tiige accompanyingulti-resolution MERIT hydro IHU
datasetSection3 describegshe benchmark and case study experime@sction34 presentghe results of thbenchmark of
IHU againstDMM-and-EAMat the global scale-Section45 presents the results of a cesady in which we teghe scale

varianceesolutionindependencef simulated peak dischargel he results are discussed in secB6mand conclusions based

on this stidy are presented in sectién.

115 2-Methed

Fhe2 The lterative Hydrography Upscaling algorithm

Any flow direction upscaling methogkepesed-in-thispapereeds taletermine which rivesegmento represent within each

coarseresolutioncell. The Iterative Hdrography Upscaling (IHUnethodbalances beteen traditionalpscalingmethods

thatonly use local informationontained in one coarsesolution celbnd its direct neighbo®6ll and Lehner, 2002; Fekete
120 etal., DO1; Olivera et al., 2002andupscaling method$atuseglobal information abouhelterative-Hydrography-Upsealing

{HD)-method-is-deseribdiierachy of streams to determine whidkier to representvithin eachcoarseresolutioncell (Wu

et al., 2011)IHU makes a first estimate of the representativer for coarseresolutioncells but updates thisstimatewvhere

it leads to errorin upstreamdownstream relations between dedlsed on contextual informatiam aniterative processT his

iterative approachwhich makes use of contextual dateakes|HU effective andsuitable to be applied to high resolution
125 hydrography dataSection 2.1 provides a stéyy-step description ofHU, section 21-and-implemented-in-the-open-source
ion—2 describeghe-method-to-deriveow
representativeubgrid_river parametersf-drainage-area;+iverlengtie derivedand slepe—Sectiegection?2.3 discusses the
upscaledMERIT Hydro IHU vldataset, which is released as part of this papettion2-4-describes-the-metrics-used to
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2.1 Flow direction upscaling

The IHU method is explained in this section and illustrated for a fictional riveFigure 1, where the used terminology is
explained in the legendHU—regquires—aFor convenience, wevill henceforthrefer to the target coarseesolutiongrid
definitionraster cells asellsand fineresolution rater cells apixels IHU requires a output cell resolutiofgrey dashedrid

lines), eften-defined-bwhich isamultiple of thefine-inputresolutiongrid, and two input maps: a fir@solution flow direction
and upstream area map (blue lines, whereatdnkue indicates a larger riveBorconvenience,—werefer-to-target-coarse

The goal of the upscaling method is to define the

most representative flow direction for eahl (arrows).

The IHU method exists of four iterations which all consist of three stebwids—en—me—Eﬁe@ve—AFea—Memed(EAM—

THheNterations
are numbered and aimed at: (royviditiating upscaled flow directions; (row 2) fixing erroneous flow directions; (row 3)

optimizing the inbetween outlet igel distance; and (row 4) minimizing the error madesh—a-cell-cannot-be-connedbgd
erroneous flow directions. The steps of eacleration are lettered: (column A) initiate, (column B) analyze and (column C)

update. Each step is explained in detail below and refers to a pdfiguod 1. Iteration 24 can be repeated to improve the

results.
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legend representative river pixel

E outlet pixel
fine-resolution flow direction

coarse-resolution flow direction

< coarse-resolution grid cell

effective area

Initiate ) Analyze

1. Initiate flow dirs

2. Fix err. flow dirs

3. Optimize distance

4. Minimize error

Figure 1: lllustration of the Iterative Hydrography Upscaling (IHU) method. Firstly, 1A) fer-each-celithe representative river pixel
(dark red square) inside the effective area (shaded area) asdibseguentlythe outlet pixel (orange square)sare identifiedand-1B)
for each cellbased onupstream areg then 1B) the fine-resolution flow path downstream of the outlet pixel (black linek) is traced
to a neighboring cell 1C) to set theinitial upscaled flow directionsdirection (orange arrows)-are-setarrow). Secondly, 2A)erroneous
flow-directions (red arrows) are identified, and 2B) analyzed in context of the fineesolution downstream flowpath (black line)
with alternative outlet pixels (green squares) and tributary outlet pixés (grey squares), to 2C) fix the flow diretions by relocating

6



155 outlet pixels (orange square and arrows). Thirdly, 3A) outlet pixels with short irbetween distance are identified (red squares), and
3B) alternative outlet pixels (green squares) with suffieint in-between distance are searched, aftawhich 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 neigboring cell the distance to a common downstam outlet pixel (green
square) is measured, to 4C) update the flow directions (orange arrow) to the neighboring cell with the minimum distance irder

160 to minimize upscaling errors.

Step2Al-1: The first iteraion sets an initial flow direction fogach 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 effectiveyarea (gr

shade), as described byguation 1. Then, that pixel is tracddwnstream 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
165 point to identify an initial rpresentative 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

determine flow directins(Paz et al., 2006)
oo s ws® W ws®  Y?® ()
where aftoare the coordinates of a pixel,it are the coordinates of the center of a cell and R is half theizédéingth
170 StepdB1-2: The outlet pixel okach cell (grey sgpre) 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 procedursee trace downstream of

the outlet pixel otell b3to cell c3in the example

Step4C1-3: The initial upscaled flow direction (orange arrows) is set for each cell in the direttiom cell wherehe trace

175 in stepiBl-2 ends.
Step2A2-1. The second IHU iteration aims to conserve fiesolution flow directions between outlet pixels at the coarse
resolution, by repairing erroneous flow directions. The flow direction of a cell is erroneous iitlofiet pixel downstream
ofthe-outlépixelofthateelis not located in its downstream cell (i.e. where the flow direction points to). In this step erroneous
flow directions (red arrows) are identified. In the example erroneous flow directiofgeatidiedoundin cell h-andxb3 as

180 the outlet-pixelmextdownstreanefthese-cells-are-notlocatmdlet pixel is foundn theircell d2and notcell c3andin cell f1
as the nextlownstreaneelis-(i.-e-—to-the-east-foutlet pixel is foundcell h-and-tothe-northwestfar3 instead ofcell x-e2

Step2B2-2 and2E2-3 are then executed for each cell with erroneous flow direction, sorted from cells with a small to large

upstream area at the outlet pixel, and iterated until no more flow direction can d&eexbrr

Step 2B2-2 (illustrated forcell hb3 only): The outlet pixel of a cell with erroneous flow direction (black square) is traced
185 downstream (black line) while potential alternative outlet pixels (green squares) are identified: these are defifadtas 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 pixel¢ranghe

are marked as tributary cells and their outleefs as tributary outlet pixels (grey squares). For all tributary cells the first and
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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:

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 fronethipstream and all tributary outlet pixels can be sgectly. If
required to set the flow directions of tributary cells correattyglternativatributaryoutlet pixelecan-be-set-iof a headwater
cellscell (i.e. cells without upstream neighborsn (& relocatedo cennect-the-tributary-cell-to-a-downstran alternative
outlet 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 péxglés 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.

Step2C2-3: If step2B2-2 is successful the flow directions are apetl accordingly. In this example the outlet pixicell
oc2 is relocated (from black to orange square), thereby changing the flow directiealfancell b3 andwucell ¢l (orange
arrows). The first outlet pixel downstreamagil hb3 is now located ints-seutheast-neighberirugll c2 where the outlet pixel
is relocated to the main stream. The first outlet pixel downstreasaliaficl is located ints-northeast-neighberincell d2.
Note that the flow direction afell xf1 cannot be repaired because tixers flow paralleirthroughits downstreancell ge2

of which only one can be represented at the output resolution.

Step3A3-1: The third iteration aims to optimize the distancéétween outlet pixels, measured alongfihe-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 usetltte 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 thsestw?6% of the length

of a ell edge resulting in flagged outlet pixels foell a2 andnacell b2in the example. Then, step83-2 and3E3-3 are

executed for every cell with a flagged outlet pixel until no more outlet pixels are relocated.

Step 3B3-2: First, it is checked whether fitagged outlet pixel can be removed while the flow directions of its upstream
neighboring cells can be set cotlgc 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 pixiéie minimum upstream area threshold is set to 25% of the celltar@aoid

creating cells with small subrid arealn the example an alteative outlet pixel is found inell ma2.

Step3€3-3: If one or more alternative outlet pixels are found for hinatep 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
cellma2is relocated (orange square), thereby changing the flow directierifsmtell a2 anda{cell b2(seeorange arrows).
The first outlet pixel downstream ofll ma2 is now located irthe-cell to-the-eadi2 becauseahe-cell ma2 now represents
another seam. The first outlet pixel downstreamcell nb2is now located inhecell te-the-north3 as the originatlownstream

outlet pixel incell ma2is relocated.
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Step4A4-1: This iteration aims to miniie upscaling errors where erroneous fltivections cannot be repaired. This occurs
mostly where multiple rivers flow parallel through the same cell while one can be repréagethiedd8 format. First, cells

with remaining erroneous flow directions aftéep 2 are identified (red arrows). Thetgp4B4-2 and4C4-3 are executed for

each identified cell, sorted from cells with a large to small upstream area at the outlet pixel. In the example, threefiow dir

of cell xf1 is erroneous as two rivers flgparallel through its downstreacell ge2

Step4B4-2: 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 theresaltgion flowdirection isfollowed until it
reaches an outlet pixel on the tramea-maximum-tength-of100-cellThe distance to this outlet pixel from the neighboring
cell and to this outlet pixel from the cell with erroneous flow directions are meghsunumber of outlet péts 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 thexeliiketsplected as downsama pixel.
Finally, if setting the flow direction to a neighboring cell yields the flow directions from two adjacent cell to crossil| ikis

not considered. In the example, combined distance from the pigellefl and neidpboring cellscell g;+el, f2 andwe2to 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, thagpiasl i
outlet pixel in the cell with eoneous flow direction if wthin 2 cells distance. Note that in this case the outlet pixel is located
outside the cell where it belongs to. If iteratiod 2re 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.

Step4€4-3: The flow direction is updated (orange arrows) to the neighboring cell with tlieeshcombined distance #o
common downstream outlet pixel (green square). In the example the shortest combined distarelbedipfound-incel+f1

to the common downstream outlet pixektwll ke3is found incell f2, changing the flow directionf@ell xf1 to cell f2 (north).

While this introduces a small erroréell £f2, the error is contained to just that cell minimizing the upscaling error.

The sensitivity of th&R parameter to define the effective area in stdpa$ well as the minimumrngth and minimum upstream

area thresholds used to optimize sl river length in step 3 are tested for the river Rhine basin, see appeddi)step 2

4 are iterated, the mimum river length and upstream area thresholds may also affect the upscalirarga 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 mar

at less than one percentth& output basin cells see Figilitg. 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 aredl he selected threshis provide a balance between accuracy and cells with small river lengthtobaing

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

Basedon fineresolution flow direction ando-c a | lowtlat pixelsas-derived-sm-tHU,-seeprevious-sectianseveral sub

grid variables are derived as shownFigure 2:. The outlet pixel is the most downstream pixel of the representative river

within each cellsee previous sectioand usd as a link between the coarsed 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 €tG09)

1 Theriver lengthis defined by the fingesolution flow path found by tracing the outlet pixel of a cell eitigeror
downstream until the nextutlet pixel, se€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 theddiow
pathbased on the pixel size, with diagonal steps are taken lttig ies the pixel size. Both upgnd downstream
river lengths are used in routing models and derivere.

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

1 Theriver widthis based on the MERIT Hydro widthata layemt the outlet pixel. Note that this data contains gaps,
i.e. not all outlet pixels have a river width in thiederlayirginderlyingdata, sedigure2F; which reed-to-be-filled

to-achievshows river widths in green colorSor global coveragefriverwidth—Filling-of-the-riverwidth-datmnd
application in hydrological models thegapswas-onhy-denpeed to be filledwhich isoutsidethe scope of this paper

A. Flow direction B. Sub-grid area C. River length (downstream)

D. River length (upstream)
vis

E. River slope F. River width
- ¥

L
—r
~
;‘h | ]
el
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Figure 2: Output hydrography variables based on fineresolution flow directions (bluearrewslinesin A-D; darker indicates larger
upstream area) and/or outlet pixels (squares). Each variablis highlighted in red for the center cell and grey for other cells. The
sub-grid 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 ixel 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 sength upstream to downstream of the outlet pixel.
The river width (F) is derived based on thesub-grid river width (green colors) at the outlet pixel location.

2.3 Multi-resolution hydrography dataset

We derived the muHiesolution 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 ds&mazaki et al., 2019Yhe original

MERIT Hydro data were neautomatically derived based on the MERIT DENamazaki et al., 2017nd several water

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

this MERIT Hydro as it has a larger spatial coverage (N90 to S60) and better representation of sma(lYstreanasi et al.,
2019)compared t@arlier pubikshed hydrography datasets. It also provides supplementary data layers including hydrologically
adjusted elevation, which is used to derive-gtil 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 bdc times the pixel size. River length in tf
downstream direction has a i _d

River slope rivsip mn! Average slope based on the elevatitifference between pixels at a
distance of 2 km around (1 km-gnd 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 whiaed to be filled
before application in hydrological models.

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

Upstream area uparea kn?? Accumulated sulgrid area

Stream order strord - Strahler stream order

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

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 kn? 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

11
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3 Methods

Besides IHU, see Sectionl2we usehe Effective Area Method (EAM) amazaki et a] 2008)and Double Maximum Method

(DMM) (QOlivera et al., 2002p performabenchmark andcase studexperimentsDMM is selectedis itis still often applied,

for example in theecently published mukscale routing modglrhober et al., 2019and EAM as it is at the basistbe IHU

method.For a full description of the methods we refer the reader to Appendixv&laas the referenced papels. section

3.1 we describe the implementation wpscaling algorithms and the application to the global MERIT hydro dataset, in section

3.2the metrics used to evaluate the accuracy of the upscaling métteodmbal benchmar&ndin section3.3 the assessment

of the efect of upscaling method and odstion 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, EAvid IHU algorithms on the global MERIHydro dataset

(Yamazaki et al., 20194l flow direction method described in this sectioimcluding the DMM, EAM and IHU upscaling

algorithms,are implemented in the open source pythmrflwdir package fittps://pypi.org/project/pyflwdir _For this paper

pyflwdir v0.4.4 was used-or the 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 idedingéatecach 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]loazdf used. First, we assigned each outlet in the
nativeresolution MERIT Hydro dataset tile by tile to the neakRe$ta f st et t er L e basih. W2 théh yiskd tbeB A S |
bounding box oeach Pfafstetter lev& HydroBASINSbasin, to combine the MERIT Hydro data tiles and delineate the basins

in the MERIT Hydro dataset. Within each Pfafstetter [&/dlasin, all indivilual basins were numbered from the largest to

smallest basin based orearto get a unigue ID for each basin.

As the upscaling algorithn@do not require information about the entire basin, the algorithms can be apm@mch tile with

sufficient overlap We found thatiles of 10 by 10 degree with buffer of 10 times theatget resolution provide consistent
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results.For each tile the flow directions are upscaled, local flow direction errors (see next section) are calcukaed, sub

325 area, river lengttslope and width variables are derivadd the native resolution upsira area and basin values at the outlet

pixels are reado assess the upscaling accurésge sectiorB.2). After upscaling, the coargesolution datavere again

combined for each Pfstietter level? basin to derive upstream area, stream order and hydralgcadjusted 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:

330 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.

335 1 Upstream area errorThe difference in upstream area between the target resolution upstream ardé@ateellthe
finer esol uti on wupstream ab.€eThis issah aggrdyated eneakuresobthecacctrdcye of allp i x
upstream flow directions. Based on the upstream area error we define: (2) absolute(8yn@lative error ; and

(4) mean relative errfr

f o6 0, 2)
340 f E = (3)
: _B ¢ sl “)

2.53.3 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 rufi@vent. Foreach method we calculated the difference in simulated peak flow magnitude and
345 timing between three upscaling methods at resolution of 30 arcsec, 5 and 15 arcmin and a simulation based on the baseline
arcsec resolutioWe expect smaller dérences fortHU 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. Furtbeam, the Moselle basin has many
350 meanders anith the upstream Swiss siilasins 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
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Dutch part othe Rhine is more complicated than can be captured in D8 flow directions with an important bifurcation, splitting
the Rhine into théjsseland Waal rivers and canals between the Waal and Meuse rivers.

The synthetic runoff event is assumed to be uniforigyributed throughout the Rhine basin. The runoff event is triangular

shaped with a total duration of Hys it starts with 1.2 mnday?* andincreasesinearly to 6 mmday? in 5 daysafter which

it decreasgback to 1.2 mnaday® in the next 5days This vields an initial flow of around 2,700%t and a peak discharge of

around 10,800ns?, which roughly correspomdo average and-in-35 year discharge conditiomsspectivelyfor 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?2. By using this threshold, the area of headwater catchmimtsvhich we assume instantaneous drainasjenore

comparable between i@stions. Routing was based on a kinematic wave routing model, solved using the Nehapson

scheme as described in Chow et(24888)at a fixed timestep of 15 minutes. Runoffadfieadwater cedland within a river

cell is imstantly accumulated and fed to the channel at the outlet pixel of that cell. Channel length, slope and width at all
resolutions are based on definitions in secfidh where for the fingesolution baseline data every pixel is considered to be

an outlet ixel. 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 Viged a poweraw 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

respectively, for more details see Appendix B, Figure Bdte that this is a simple approadhat will not vield satisfying

results if applied on largscale or to actual events instead of a sensitivity analysis based on a synthetic event.

0 O — (%)
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 sadted after a sensitivity analysis of the results to the channel slope length, width and roughness parameters
see Appendix E, Figurg1F1-2. While the simulated disclge peak magnitude and timing are sensitive to these parameters
in varying degrees, itaks not greatly affect the differences between methods and does not change the conclusions based ol
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)

34 Accuracy of upscaling methals

In this section we benchmark the accuracy of IHU against the DMM and the EAM globally opaesedneous 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
the coarser resolution. At each resolution we analyze the basins with a total area larger than approximately one cell. IHU
resolves more than 3% 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 firsaid@2irOnly 2 basins larger than

5,000 kn? are not resolved &5 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

basin as the river mouth or pits runs tigh 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
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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 percentageloéd 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
EAM, see third row inTable2, indicating that many more confluences are properly resolved at the upscaled resolution. The
difference between the met®is smaller for basins with less than 1% cells with erroneous flow directions. Whskecthed
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 impoide 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
basin area error, relative upstream area error { . gJdarger 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%cellswith >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&we&eeeding the 1% upstream area error threshold for IHU compared
to 59.7% for DMM and 75.4% for EAM, see fiftow in Table2. The difference between the methods is larger for basins
which have less thas?o cellsexceeding the 1% upstream area error threskiggire 5 shows the percentage of cells within

a 1 by 1 degreéle 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 FguF®DHU, most tiles have less than 1% cells
with larger than 1%elative upstream area error. Exceptions are found in mountainous, glacierized-tartidggions, see
green areas ifrigure5. For example, in dijand 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
well depicted by the terrain elevation based on which flow direction are estimated to be extegaltdy, p 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 seventiTable Thise difference
between the methods is larderthe-basinavith a basis tetalareaerrar of less than 1%. While thé'4teration of IHU, see

section2.1, successfully limits this error in comparison to DMM &M it cannot completely be avoidedarge basin area
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errors of more than 200 km*for basins larger than 1000 Rifi0%)occur at 360 basins at 15 arcmin, 91 at 5 arcmin and zero
at 30 arcsec resolution. The largest basins with a &08vebasin area eor at each resolution are shown iiglre C35.

These errors occur when —Ssections of basinsan-still-beare merged with neighboring basimghenbecausea cellfrom one

basingets isolated between cells from another haBs-oceurs-wherandnone 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 withwerlarger resolutions it is consistently lower at all resolutions for IHU.

At the 5 arcmi resolution 2.5% of the cells have a positive and 0.7% a negative upstream area error compared to 9.9% positive
and 30.2% negate 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 névanch in the upscaled flow direction map with smaller upstream area. Both positive and
negative errors occur when a confluemeehe 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 enl¢éimgth and the number of outlet pixels on each branch, see example in
Figure C6.

— 10; T DMM
E 185 * . * . . . EAM
T 104 . ¢ . I U
e 103 ‘
(] 102 T —_— T
5 o0 -i- - 'le' + 1 + 1
© —102 1 | []
£ -103 | ‘ .
g _104 ¢4 L
5 -10° 1
o —10% ° + * °
> —107 ° ® e P4
30 arcsec 05 arcmin 15 arcmin

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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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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445 45 Effect of upscaling method on simulated discharge

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
450 of the Meuseiver which is merged in the main stem upstream from the actual confluendégse6. Furthermore, at 30

arcsec and 5 amin resolution many meandersthe 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?]

455 Figure 6: Upscaled MERIT Hydro flow direction network for the Rhine river at resolutions of 30 arcsec (left column), 5 arcmin
(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.



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
460 the differencebetween simulated discharge in the upscaled model compared to the original 3 arcseEigweél.shows
the runoff eventléfiright y-axis) and resulting flood peak wave at the river outligthfleft y-axis) for all methods and
resolutions. 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 theriginal 3 arcsec resolution, than the models based on DMM (blue). The largest error in flood
magnitude(+4681024 m3s?) and largest error in flood peak timings434 hours) are found for DMM at 5 and 15 arcmin
465 resolution. These errors are likely due tpasitive total area error in combination many shortcuts in the upscaled river
network, seeFigure6A-C. The largest errors in flood peak magnitude for EARB@52m?3s?) and IHU (268287 m3s?) are
found at 15 arcmin resolution and the largest error in flood peak timing for EAMhgurs) and IHU (¥2 hours) are found
at15-and5 arcmin resolution. Both errors for both models have oppositeasigrarevery smallcompared to models based
edMbiienkere
470 are clear differergs in the upstream area error between EAM and IHUFgpee6, the differences in simulated flood peak

at the river outlet between EAM and IHU are #mahis is likely because the effect of upstream area ernorsimulated

discharge cancel out at the river outksteFigure6D-I, resulting in a net similar effect on the simulated discharge.

EAM ) IHU

— 0O3sec 05min — 03sec ==+ 05min
30sec 15min == 30sec sre+ 15min
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Runoff [mm/day]
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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 riave 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 flalivection upscaling on river routing we therefore extend this numerical experiment to
many lo@ations across the Rhine basin, Bepire8:Figure8. The locations are selected based on the outlet pixgaicmin
resolution that are at thame 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 _stieamresulted in 214 locatiofFor EAM
these-ardarlessthan-forcompared t843 forDMM and 344 forIHU. The relatively small number of comparable locations

for EAM can be explained by the definition of the outlet pixels whichasdhe-outletpixeHocations-aselected within the
effective area rather than at thdge of a target cell and therefore less likely to be the same between resolutions. Generally,

simulated discharge based on the IHU upscaled river network yields smaller flood peak magnitude and timing differences
comparedda DMM and EAM. Mere 41.0%)

{5-:9%);-see-white-dets-Figure9-In general, the IHU models show better similarity to the native resolution model Hwoss

full distribution of locations for both flood peak magnitude and timiflge maximumrelative difference inflood peak

magnitudebetween resolutiofor 50% ©5%) of the locations is smaller equal t01.8% (6.3%)Yor IHU compared t®.8%
(24.2%) forEAM and14.2% (98.5%) foDMM across all resolutionseethick-blacklines-in-Figures-E2Figure8D. Similar

results are found in terms @dibod peak timing where for 50% (95%) of the locations the maximdiffierencebetween

resolutions is smaller or equal to 2 (11) hours lidt), compared t3- (13) hours folEAM and5 (29) hours foDMM, see

Figure8H. The differences in simulatetischarge are caused by (local) upscaling errors in the river netwdadkh 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 stgrstteam from the actual confluence, causing large differences in batiptad

timing and magnitude in the Meuse section downstream of the erroneous conflaedegure8A-B and EF. Differences
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in flood peak simulation between upscaled and native resolution models are not only due to upswajradserthe upscaling

of river width and slope are crucial fecale 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 res@iBfcarsge) to smoothen out into

a single peak at lower resolutions, dielg arelativelylargedifferencalifferencesin flood peak timing, seBigure9Figure8F
and!G. In the model, lakes and reservoirs are initiyicepresented by larger channel widths from the MERIT Hydro dataset,
introducing a buffering capacity in the river system. As the ridth at lower resolutions is represented by the width at the
outlet pixel of each cell the buffering capacity isfeliént. Averaging the river width would change the buffering capacity as
this results in a smoothened river width. The sensitivity osifmellated flood peak timing to river width is shown in the first
row of FigureB2F2, where simulated river widilseeAppendix-B,is used for gaps in the river width data only (default); for
lakes and data gaps or for all celfsr detailssee Appendix B Using simulated river widths at lakes and reservoirs, minimized

the timing error in the (upstream) Rhine. Besidédthy the error in flood peak timing is also sensitive to the length along
which the river slope is calculated, see Figp&t2. If this length is varied with the model resolution, large errors in flood
peak timing are introduced. However, the flood pealkng error is less sensitive to the precise length within a range of 1 to
5 km.
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Figure 8: DifferenseMaximum absolute dfferencein simulated flood peak magnitude ¥'E 1 }-in—theRhineriverbasin - top row)
and flood peak timing Ov’ﬁ"g nel_bottom row) betweenreselutions-ofupscaled B0 arcseefleft-column);, 5 arcmin {center-column)
and 15 arcmin{right-column) and the baseling(3 arcseereselution-as-upsealed-with) resolutionsin the Rhine river basin based on

520 DMM (first row), EAM (second row) and IHU (third row }-) upscaling methodsThe right-most panels shovthe CDF curve for each
method. with N denotes the number of ebservation—grid—peints—wih—comparable outlet pixels locations across all
dimensiengesolutions which 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.
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530 56 Discussion

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 glddd information about the hierarchy of streams to determine whiclysdistream to represent in each
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cell. IHU makes a first estimate ofgthepresentative stdrid stream, but updates this for cells with erroneous flow directions
based on contextual infimation. This makes IHU better suitable to be applied to high resolution hydrography data.

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)fssins 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
paths in the fine resolution hydrography data. This ilypa 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
upscéing 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 MBRHro IHU dataset we therefore provide qualitative
metadata of erroneous flow direction and upstream area eoavercome-flow-direction-errors-at-coarseresolutions, the

[ i i o be

distributed

tries to solve the parallel flow path issue by wilog 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 could be a

interesting avenue for further research.
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6Besides flow directions, IHU derives additional layers of-gtil drainage area, river length and slope dav@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 datfsiicoverage river width layer is

required as well as river bed roughness. For more advanced routing models a river bed level and rivéirdegtk might

also be require@dYamazaki et al., 2011B5everal studis have shown that it is very hard to calculate reliable riverbpés!

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 $ldpsber et al., 2019; Yamazaki et al., 200)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 pBeabin the case study, see Fighie2. To achieve complete

coverage of river width, the sudrid river width data requissto be interpolated for datgaps and lake and reservoir areas if

these were to be modelled explicitly in the routing model. Hegaysed atrongly simplifiedpowerlaw relationship between

width and upstream area. Fagplicationdor realeventsnstead ofensitivity analysis wit synthetic datathis estimate should

be improved using the wedlstablished geomorphic relationshippgween bandfull discharge and river depth as proposed in

the downstream hydraulic geometry framew@r&opold and Maddock, 1953; Savenije, 20038} instance by the clustering

approach proposed by Andreadis e{2013)or additional river width data from e.g. &l and Pavelsk{2018)

In this study we benchmarked several upscaling methods based on the samelbafeljnaphy data. Tilchoicewasmade

to focusthe papepn differences in wgraling methodsvhere we assume the underlyinigh-resolutiondataarecorrect For

future studies it would be interesting to also compardMB&IT Hydro IHU dataset with ofte used hydrography datasets

such as hydroSHED&ehner et al., 208) and hydrolKU.S.Geological Survey, 2000both 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 d2019) recently presented a muficale routing model that includes the upsaalof flow

direction data based on DMNBas&l on the presented resultsing a multiresolution modelling approacskith hydrography
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based on IHUvould likely improvethe modeds capability to simulate similar fluxes independent of the model resolution in

studies like Imhoff et af2020) Furthermoreusing a hydrological nesting approadie 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 Step2Al-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 StepiBl-2: The cell is offset half the cell size in the direction of theageadrant 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).
1 Stepi€l-3: The upscaled flow direction is set to the cell where the trace idBte@ ends (orage arrows).
For a detailed description of the method we refer to Olieesd (2002)
Effective Area Method:
1 Step2A2-1: 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, seeXction
1 Step2B2-2: 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€2-3: The upscaled flow direction is set to the cell where the trace i2B&f ends (orage arrows).
For a detailed description of the method we refer to Yamaetaki(2008)
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1. Find representative / outlet pixel 2. Trace downstream target cell 3. Set upscaled flow direction
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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

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

Appendix B: River width interpolation

To fill gaps in theriver width observations we fitted a powlamw 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/esitbéh
the Rhine catchment elxcling cells within lakes and reservoirs based footprints from the hydro(lslessager et al., 2016)

650 and GRAND databasdkehner et al., 2011)We used a least squared error fitting algorithm fronpifteon 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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655 Figure B1: Fitted relationship between river width and upstream area for the river Rhine basin

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.
The blue lines show the fine resolution river, the background colors show basin tnedaries, the dash lines the coarse resolution grid

660 and the arrows the upscaledlbw 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.
See caption of Figure C1 for a full description.

665

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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