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Abstract. The Global Runoff Data Centre provides time series of observed discharges that are valuable for calibrating and
validating the results of hydrological models. We address a common issue in large-scale hydrology that has not been
satisfactorily solved, though investigated several times. To compare simulated and observed discharge, grid-based hydrological
models must fit reported station locations to the resolution-dependent gridded river network. We introduce an Intersection over
Union ratio approach to selected station locations on a coarser grid-scale, reducing the errors in assigning stations to the correct
upstream basin. We update the 10-year-old database of watershed boundaries with additional stations based on a high-
resolution (3 arc seconds) river network and provide source codes and high- and low-resolution watershed boundaries. The
dataset is stored on Zenodo with the associated DOI https://doi.org/ 10.5281/zen0do.6906577.

1 Introduction

River discharge is one of the most important variables in hydrological modeling because all basin processes are integrated into
this variable. Discharge spatially and temporally integrates the range of meteorological variables and basin characteristics.
Spatially and temporally distributed properties of river and lake morphology, soil, groundwater, snow, glaciers, climate, land
cover, and human interaction influence discharge at the outlet of a basin. Although discharge is a useful indicator, for semi-
arid and arid regions, its value declines as evapotranspiration becomes the most significant basin outflow, as it then represents
relatively less of the water cycle outflows (e.g., Norwegian basins have a discharge/actual evaporation ratio of 80/20, and
African basins can have a ratio of 20/80). Discharge is extremely useful for calibrating and validating hydrological models
using different objective functions, such as Nash-Sutcliffe (Nash and Sutcliffe, 1970) and Kling-Gupta (Kling et al., 2012) for
calibrating global hydrological models (Muller Schmied et al., 2021; Sutanudjaja et al., 2014; Hanasaki et al., 2008). It is also
useful for tasks like estimating flood hazards (Alfieri et al., 2015), inland navigation (Nilson et al., 2013; Christodoulou et al.,
2020), energy power production (Hunt et al., 2020; Van Vliet et al., 2016), and water scarcity (Hoekstra et al., 2012; Van Beek
etal., 2011).

Since the establishment of the Global Runoff Data Centre (GRDC) database (VVorosmarty et al., 1998; Fekete and Vérdsmarty,

1999), the number of stations has increased, and the number of publications using the GRDC dataset is also growing - the
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GRDC publication database of 2021 (GRDC, 2020) references 118 publications using the discharge time series. The Generic
Statistical Information Model (GSIM) database (Do et al., 2018) provides a good overview of several river discharge databases
worldwide. Although there are several public databases of river discharge at a basin-scale (e.g., Mekong basin, Mekong River
Commission (2020)), the GRDC database offers the richest source of global river discharge data, as follows:

“A global hydrological database is essential for research and application-oriented hydrological and

climatological studies at global, regional, and basin scales. The Global Runoff Database is a unique

collection of river discharge data on a global scale. It contains time series of daily and monthly river

discharge data of well over 10,000 stations worldwide. This adds up to around 470,000 station-years with

an average record length of 45 years” (GRDC, 2020).

Quality checking of station attributes and spatial redistribution of station locations for different gridded river networks for
hydrological models have been carried out since the beginning of GRDC data collection (Fekete and VVérésmarty, 1999) and
for each model again and again (Sutanudjaja et al., 2018; Zhao et al., 2017; Wang et al., 2018). For example, to test the
Community Water Model (CWatM) (Burek et al., 2020) global model performance on 30 arc minutes (0.5° ~ 50 km x 50 km,
hereafter, 30”), we used the station data and the global drainage direction map (DDM30) network (Déll and Lehner, 2002) and
corrected the locations to fit with the approach of Zhao et al. (2017). Several errors can occur when the discharge station is
used for gridded hydrological modeling, as follows:
a) The station location is not at the correct location and is too far from the river.
b) The station location is at the correct location, but because of the river width and/or the grid resolution of a high-
resolution river network, the station location is not in the suitable grid cell of the river network or because, even
at 90 meters, the network is not high-resolution enough to capture the station location.
c) The high-resolution network does not represent reality (e.g., the river does not flow in the deepest part of the
valley because of human interventions.
d) Upscaling error. When a coarser resolution for hydrological modeling is applied (e.g., 30° for ISIMIP), using the
original station location might lead to its position being wrongly assigned because, for instance, the coarser grid
cell river network may include the junction with a tributary. In contrast, the station may indicate the tributary
itself.
e) Mismatch error. Suppose the station location is selected only by comparing the upstream area of the upscaled
network with the reported upstream area. In that case, a station could be assigned to the wrong basin because
the upstream area fits slightly better.
f)  Global station density is unevenly distributed. We find a high density for North America and Europe and a low
density for Asia and Africa. In North America or Europe, some stations are close downstream to other ones,

even though no significant tributaries are entering.



65

70

75

80

85

90

Earth System
Science

iData

https://doi.org/10.5194/essd-2022-231
Preprint. Discussion started: 5 August 2022
(© Author(s) 2022. CC BY 4.0 License.

en Access
suoIssnasIqg

This paper addresses these possible errors and gives examples of how to correct them. Lehner (2012) has already calculated
explicit watershed boundaries for 7,163 basins on a high-resolution network. These watershed boundaries are freely available
on the GRDC webpage (GRDC, 2020). We repeated this exercise, but using a higher-resolution network based on a more up-
to-date dataset, the (3 arcseconds (37~93m) MERIT hydro-network (Yamazaki et al., 2019) rather than the 15 arcseconds
HydroSHEDS (Lehner et al., 2008). Moreover, we used a greater number of GRDC stations added in the last ten years (10,701
stations as opposed to 7,532). In addition to the high-resolution basins, we added a method for upscaling each station
automatically to 5° and 30’ using a more advanced method than simply comparing the river network upstream area with the
reported upstream area. Using this method, a selection of stations can be appropriated to the resolution of the hydrological

model. Furthermore, our code is available and open source in Python to change or calculate stations for individual applications.

2 Methods
2.1 Procedure for station allocation on a high-resolution network

2.1.1 Automatic procedure

We used the MERIT hydro database of Yamazaki et al. (2019), which comes as an open-source database in chunks of 5° * 5°
at 3 arc seconds (~100 m) resolution (36 billion grid cells per 5° * 5°). We used the river network direction maps and applied
the D8 flow model convention: either each grid cell can flow into one of the eight neighboring grid cells, or it is a sink. This
approach, which does not allow rivers to be split into two streams or grid cells to contribute to several basins simultaneously,
is used in most Land-Surface Models and grid-based hydrological models. We obtained the upstream area of each high-
resolution grid cell from the upstream area in km? from the MERIT dataset. For the evaluation, we used all stations with an

upstream area greater than or equal to 10 km? or with no upstream area record.

For the automatic station allocation, we mainly follow the protocol of Lehner (2012):
1. Arectangular search radius of 165 arcsec (~5 km) for each station was defined.
2. For each grid in this rectangle, the upstream drainage area (UPA) from the network from Yamazaki et al. (2019) was
compared to the area reported in the GRDC, and the upstream area accordance is computed:
o Upstream area error = |1- GRDC reported area / gridded network upstream area|
o Area accordance = minimum {GRDC reported area, gridded network upstream area}/ maximum {GRDC
reported area, gridded network upstream area}
3. All cells with an area accordance of less than 50% were dismissed from further evaluation.)
4. The distance to the original location of the station was computed.

5. An objective criterion (OC) for ranking was computed by OC = (1- Area accordance) + 2 * distance
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6. The grid cell with the lowest OC value was taken as the corresponding grid cell for the station location on a high-resolution
network

7. If no station location was found in this step, the search radius was increased to 30 arc seconds (~10 km), and the lowest
OC value was taken as the corresponding grid cell.

2.1.2 Manual procedure for the remaining stations

For the ~7.5% of the stations that failed both rounds of searching, we carried out the following manual inspections:

- 3% of the stations in the GRDC database (327 stations) have a reported area of -999. For these stations, we used the next
biggest river. We checked manually with GIS, but we did not check all station information manually (e.g., station name,
river name, and altitude).

- 1.5% of stations that failed the automatic search but had a valid upstream area record (169 stations), we manually checked
and assigned a location in the range of up to 120 km from the original site (to address any typographical error, e.g., 51.57°
instead of 52.57°)

- For 3% of the stations (352 stations), we could not find an adequate location on the high-resolution network - due perhaps
to errors in the GRDC database or insufficient network maps (e.g., missing canals, braided rivers, diversion, and confluent

rivers)

2.1.3 Output: Polygons of basins

For 10,349 basins, we assigned polygons based on the reallocated station locations on the high resolution (3 arc seconds) with
the Python library flwdir from Eilander et al. (2021) and the river direction mosaic maps from Yamazaki et al. (2019). Like
the original from Lehner (2012), we produced two versions: a) polygons that follow the exact grid cell contours with high
memory requirements, and b) a version with smoothed edges and low memory consumption. The resulting shapefiles were
produced in the ESRI shapefile format and include the station information from GRDC. This process addresses errors a), b),

and c) (noted above) and provides an update to the shapefiles of Lehner (2012)

2.2 Upscaling station location to a coarser grid cell resolution

The main idea of creating a new set of high-resolution watershed boundaries was not to update the work of Lehner (2012) but
to use a different method of assigning station discharge time series to the correct grid cell in grid-based hydrological models.
Global hydrological models use 30 arc minutes resolution in the ISIMIP3 project (Warszawski et al., 2014). The trend for
global modeling is to move toward higher resolutions at 5’ and hyper resolution (< 1km) (Bierkens, 2015). For regional studies
(Hanasaki et al., 2022; Guillaumot et al., 2022), the resolution is already 1 km or below. Approaches to upscaling to coarser
resolutions are mainly based on comparing reported and upstream network areas (Fekete and Vérdsmarty, 1999; Zhao et al.,
2017).
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With the flwdir tool from Eilander et al. (2021) and with the idea of Munier and Decharme (2021) of comparing the similarity

of shapes, it is possible to introduce another objective criterion - the similarity of high-resolution watershed boundaries and

low-resolution boundaries. Using the method of comparing upstream areas, we can partly address error (d) upscaling error but

not errors (e) and (f).

For an automatic upscaling process, we followed this protocol:

We defined a minimum upstream area for the station we wanted to use in the low-resolution hydrological model (e.g.,
> 9,000 km? for 30° (~180 cells), > 1,000 km? for 5’ (~100 cells)).

A search radius of 5 * 5 = 25 grid cells of the coarse resolution network was used with the high-resolution allocated
station located in the middle.

For each coarse grid cell, the coarse watershed and upstream were derived, and the upstream area accordance was
computed.

The second objective criterion was the Intersection over Union ratio (Rezatofighi et al., 2019; Munier and
Decharme, 2021). Intersection over Union ratio = Area Intersection / Area Union

The closer to 1 the value of Intersection over Union ratio is, then the more similar the shapes are.

To reduce the two objective criteria to one solution, the minimum Euclidian distance between the best possible

solution (at 0,0) and the two objective criteria was calculated

ED = \/(1 — Area accordance)? + (1 — similarity)?
For the example in Figure 1: Passau Inn: EDmi, = 0.085 at location No 7
The coordinates on low-resolution with minimum Euclidian distance were chosen as the station coordinates for this

grid size resolution
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Figure 1: Intersection over Union ratio for the River Inn basin at Passau, Germany, GRDC 6343900. The dark blue line is the watershed of
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the Inn to Passau at a 3” high resolution. The light blue is the intersection between the low-resolution Inn at 5” and 3”’, and red
signifies the union of the 5° basin with the 3°” basin. ). © OpenStreetMap contributors 2022. Distributed under the Open Data

Commons Open Database License (ODbL) v1.0.

As a result, we obtain a pair of coordinates for each station on a coarser resolution. Here we chose 5 and 30’. For 5°, the

network from Eilander et al. (2021) was used based on the high-resolution network from Yamazaki et al. (2019), while for
30’, the DDM30 network from D6ll and Lehner (2002) was used, as this is the agreed network for the ISIMIP2 and ISIMIP3

(Frieler et al., 2016) hydrological modeling effort.
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Figure 2: Concept of similarity for the station Passau, Inn, Germany - GRDC 6343900 with a high-resolution watershed map shown as a
blue outline and four different watershed maps based on a 5’ resolution network around the station location. © OpenStreetMap
contributors 2022. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

2.3 Selecting station for calibration of a hydrological model based on metadata

In the previous step, we selected stations based solely on location metadata. For the next selection step, we included meta
information of time series like length, end date, and the number of missing values in a time series. For calibration or validation,
the unsuitable stations were those with only short time series, those that ended too far in the past, and those with too many
missing values. The criteria for “too short” and “too old” are subjective and can be chosen in another way, as in Alfieri et al.
(2020), but if the criteria are not strong enough, a post-selection can be done. If they are too rigid, the settings part of the

Python code can be changed. Fortunately, all the necessary information is included in the metadata file from GRDC.

2.3.1 Deselection and ranking criteria

We included several criteria for selecting or deselecting a station. We derived the first two criteria from the previous analysis

of the station location.

- The accordance of the upstream area on the chosen resolution with the area reported from GRDC: here, we chose a
relatively forgiving Area accordance. If the upstream area of the selected resolution had a criterion of more than 40%, this
criterion is fulfilled. In most cases, the area was above this ratio, but we did not want to deselect stations where the GRDC

record might be accurate.
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- The similarity index between the high-resolution shapefiles and the shapefile of the chosen resolution: the high-resolution
175 shapefile was built on the 3°> MERIT network data. The 30” had a different source and went through an upscaling

approach. Therefore, more significant discrepancies between the high-res shapefile and the low-res 30” were possible.
We included two selection criteria from the metadata information about the time series.
- The time series should have at least five years of monthly or daily records.

180 - The end date of a time series should be later than 1985.

Table 1: Selection criteria based on low-resolution

Name of criterion Selected at 30° Selected at 5’
Similarity 70% 80%

Area accordance 40% 40%

Years in time series 5 years 5 years

End date 1985 1985

2.3.2 Division of stations

The stations may be too close to each other for it to be worth calibrating both. We checked the similarity of the low-res
185 shapefiles. If they were equal to or more than 95% similar, we decided to calibrate only one station and keep the other for
validation purposes. To choose which of the similar stations we kept for calibration, we introduced a ranking/scoring system.
If a station had a more extended time series or a more recent end date (see Table 2 for all the ranking criteria), we chose the

station with the higher score.

190 Table 2: Scoring where two stations are too similar

Name of scoring 0 points at 1 point for every Max/Min
points

Similarity 80% 2% 10

Area accordance 80% 2% 10

Years of time series 5 years 5 years 10

End date 1985 3 years 12

Missing % 100% Neg. point for 5% -20

2.3.3 Output: List of stations to be appropriated for calibration

As a result of this step, we obtained two tables for 30” and 5” that distinguished the stations as useful for calibration, stations
that could be used for validation, and stations that were not recommended for calibration or validation. All evaluation was
195 solely based on the metadata file provided by GRDC.
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3. Results
3.1 Station allocation on high resolution

The 2022 GRDC station dataset has 10,701 stations in total. We used only those stations with an upstream area equal to 10 km?
(thus discounting 124 stations), but we kept the stations without data for the upstream area (327 stations). Using automatic
200 detection of the most appropriate high-resolution MERIT network on 3°” and with manual search (for 169 stations), we still

had 228 stations we could not assign to a basin.

For further analysis, we had 10,349 stations with a counterpart in a location on the MERIT network and an assigned basin on
3”’, and 49 of these basins did not have a reported area in GRDC. From the remaining 10,300 stations, we calculated the area
205 in accordance between the GRDC upstream area and the area calculated on the high-resolution network using UPA maps from
Yamazaki et al. (2019). We kept only those with an area accordance > 0.4 (1,0241 stations). For hydrological modeling, this
error might be too big. Still, we assumed there are some errors in the reported area of GRDC and that these stations could be

deselected in a further step, if necessary.

GRDC 10701 Stations
Categories

e Smaller < 10km2

©  No basin assigned

®  Area eror > 50%

@ Basin >= 9000 km2

© Basins >=1000 km2

o Basins < 1000 km2

210
Figure 3: Location and categories of 10701 GRDC stations (World administrative boundaries by https://www.opendatasoft.com)
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Figure 4: Histogram of (a) accordance with GRDC upstream area and (b) distance from the corrected location to the GRDC location

The histogram of upstream area accordance in Figure 4a and Table 1 shows that a high number of stations (43%) have area

215 accordance that is equal to or more than 99% (an area error of less than only 1%). Compared with the work from Lehner

suoIssnoasiq

(2012), we obtained a slightly higher percentage of accordance in this class but almost twice as many stations (4,332 vs. 2,422).

88% (85% for Lehner (2012) ) still had good accordance of 90% or more. 330 stations had an area accordance of less than

75%, 18 stations of less than 50%, while 49 stations had no area reported.

220 Figure 4b shows the distance in meters from the reported station coordinates in GRDC and the station location according to

the high-resolution network. A necessary shift in stations might be required because a) the river network is not high-resolution

enough to capture the river (see Figure 5d), or the river width is greater than 90 meters, and it would be necessary to shift the
station location from the river shore into the middle of the river to match with the high-resolution network. However, we
assumed that most distance errors greater than 500 meters come from the stations being wrongly allocated. Table 1 shows that

225 the percentage of area accordance negatively correlates with the distance median.

Table 3: Comparison of stations with accordance in area of high-resolution basins with area reported from GRDC

Percentage  Number of % This Median of Number of % Lehner
of Area Stations study Distance Stations (2012)
Accordance This Study [m] Lehner
(2012)
>99 4332 42 98 2422 35
>95 7920 77 180 5043 72
>90 8980 87 203 5888 85
>85 9446 92 382 6287 285
>175 9862 96 418 6627 95
>50 10174 99 661 6922 99
>0 10300 100 1306 6976 100
no area 10349 7025*

240

10

* of 7163 station

in Lehner (2012),
7025 also match
with the new dataset
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Figure 5: Possible errors in station location. © OpenStreetMap contributors 2022. Distributed under the Open Data Commons Open
Database License (ODbL) v1.0.

Figure 5 shows some of the possible errors as well as the need to correct station location that will be used in hydrological
models:

Part a) GRDC station 1837401 Hadejia, Nigeria, has a reported upstream area of 30,435 km?2. The closest river to the city of
Hadejia has a high-resolution upstream area of 19,500 km2. The next location with a closer upstream area to the reported one
(29,000 km?) is 50 km to the northeast. Thus, here, either the station location or the reported area is wrong.

Part b.) GRDC station 1737300 Bamingui, Central African Republic, with a reported area of 4,380 km?, has no river of this
size at a closer distance. We thus chose the river near the city of Bamingui with a high-resolution upstream area of 6,075 km?
at a distance of 25.7 km from the GRDC station location.

Part ¢) shows the station location of GRDC 1834101 Lokojo, Niger. The station seems to be on the River Benué, a tributary
of the Niger River. According to Udo et al. (2021), the station is located on the Niger River, upstream of the junction of the
Niger and Benué. Lehner (2012) assumed the station is downstream of the junction. No area is reported as being associated
with this station, but the area could be 337,000 km? (Benué), 1651,000 km? (upstream Niger), or 1990,000 km? (downstream
Niger).

11
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Part d) shows the GRDC station 1837450 at Challawa Bridge in Nigeria at the exact location underneath a bridge over the
River Challawa. However, the high-resolution network of 90 meters shows no river on this grid cell, and the station location
must thus be shifted 90 meters to the west.

Another example are GRDC stations 1396200, 1396201, and 1396210, which have the same reported location but different
river station names and upstream areas.

For GRDC station 4208919 on the Dunkirk River, Canada, we found a typographical error. Instead of 58N, it should be 56N.
Station Siramakana, Mali, at the river Baoule GRDC station 1112330 is, according to Hydroscience_Montpellier (2022),
around 50 km from the station location mentioned in the GRDC dataset.

The remaining 10,241 stations are not equally distributed globally. There are regions where water cannot be measured as
streamflow, such as Greenland, the Sahara, the Arabic peninsula, the Kalahari, and Central Australia. In other regions, we
know that streamflow is measured, but GRDC does not have the records (some parts of Italy, Indonesia), and some regions
where we do not even know if there are measurements (e.g., North Korea). Some basins, especially in North America and
Europe, have a dense reported discharge station network (e.g., the Danube). Figure 6 shows the number of subbasins of GRDC
stations placed inside the other. For example, in the Danube, there is a station for the upper River Inn, which is inside the basin
of the lower Inn (another station), which is inside the basin of the upper Danube, which is inside the basin of the middle
Danube, just like the concept of stacked dolls (Matryoshka dolls).

Number of subbasins of
GRDC stations placed

inside another

oA ¥ i AL g
y SO e FaN
{ [
* 7 2 .
5 \ 4 < C o D ¥
b v

Figure 6. Watershed shapefile of 10241 station using GRDC stations and MERIT network map
(World administrative boundaries by https://www.opendatasoft.com)
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3.3 Station allocation on low resolution 5° and 30’

We allocated 10,241 stations with an area > 10km?, and after creating shapefiles for each station, we created shapefiles and a
station record for low-resolution of 30’ and 5°. For the resolution of 30°, we used a threshold of an upstream basin area of
>9,000 km? (around three grid cells on 30”). For 5, we used a threshold of >1,000km? (~11 grid cells on 5”). This selection

was subjective, and other papers have slightly different assumptions (Alfieri et al., 2020).

With the similarity method, we can avoid a basin being allocated to a station that fits better by the upstream area but is not
very similar to the basin shapefile at high resolution. Figure 7 shows this for two examples. The South Platte River GRDC No.
4122130 joins the North Platte River GRDC No. 4122150 at the city of North Platte, Nebraska, USA, and before the junction,
they run in parallel. If we take the location of the station GRDC No. 4122130 on 30’, we obtain the North and South Platte
River basin together (Platte River). We must therefore move the station to allocate it to the correct basin. The reported upstream
area of the station is 61,901 km?. If we had selected only by upstream area, we would have chosen the North Platte River
(upstream area of 30’: 66,815 km?) in preference to the South Platte River (upstream area of 30°: 49,745 km?). Figure 7a shows
that the selected 30’ basin in darker blue (South Platte River) with the lower upstream area fits better with the high-resolution

basin.

Figure 4b shows a station mismatch selected by the upstream area at 5°. The river Pisuerga in Spain, GRDC No. 6212740, has
a reported upstream area of 15,638 km?2. Again, we must move the station, as the river network at 5> does not match the station
location. If we select by upstream area, the Douro River, with an upstream area on 5° of 15,448 km?, fits better than the Pisuerga
River, with an upstream area on 5’of 15,908 km?. Selecting by area and shape similarity points to the correct basin, shown in

dark blue in Figure 4b.

Figure 7: Mismatch of basin allocation. © OpenStreetMap contributors 2022. Distributed under the Open Data Commons Open
Database License (ODbL) v1.0.

13
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For the coarser resolution of 5°, we selected 6,414 stations with a basin area > 1,000 km2. For the resolution of 30°, we selected
2,741 stations with a basin area > 9,000 km?. We assigned polygons based on the upscaled river network for those two
resolutions. We provided the list of stations with adjusted station locations and the 5’ and 30’ watershed boundaries as
shapefiles.

3.4 Selecting stations for calibration on low resolution 5’ and 30’

Based on the selection criteria of tables 1 and 2, we included meta information of the station time series (length and end date
of the time series, number of missing values, daily or monthly values). As mentioned in the method section, the selection

criteria were subjective, but the Python code for changing the criteria tables is available on GitHub.

For the low resolution of 30°, from the 2,724 stations (with an upstream area of > 9000 km?), we selected 953 stations for
calibration. Another 105 stations could be used for validation purposes. The latter stations are not in the first calibration
category because they are equal to or more than 95%, similar to a station chosen for calibration. We dismissed 1,666 stations
from the calibration because they do not fulfill the necessary criteria given in Table 1. For the low-resolution of 5°, we selected
3,917 out of 6,415 stations. Another 175 stations were available for validation, and we dismissed 2,323 stations.

Figure 8 and the histograms in Figure 9 show the global distribution. North America, Brazil, Europe, Russia, and Australia are
well covered, but Asia and Africa only partly. On 5° resolution, 441 stations are in Africa, and 1,270 and 746 are in North
America or Europe.

Figure 8: Selected station for calibration on 30’ (949 stations) and 5 (3,917 stations)
(World administrative boundaries by https://www.opendatasoft.com)
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Figure 9: Histogram of selected calibration stations (a) 949 stations for 30° (b) 3,917 stations for 5°, classified by upstream area and continent

4. Conclusion

This paper describes the procedure used to generate a dataset of station locations of observed discharge to be used at different
resolutions for calibrating large-scale hydrological models. It is based on the metadata of GRDC stations and MERIT Hydro.

The Python source code and dataset produced are freely available for download through a GitHub and Zenodo repository.

The first step toward generating a high-resolution collection of watershed shapefiles was to update the work of Lehner (2012)
to include more basins (10,241 stations vs. 7,163) based on a higher resolution river network database (3> MERIT Hydro from
Yamazaki et al. (2019) vs. 15” the HydroSHEDS from Lehner et al. (2008), including the changed GRDC IDs from September
2021. The second step, of generating a lower-resolution collection of watershed shapefiles based on the Intersection over Union
ratio, was inspired by the ideas of Rezatofighi et al. (2019) and Munier and Decharme (2021). It is a better approach than
selecting a station location on low-resolution river network systems based only on the upstream area and distance to the original
location. Here, we provide the low-resolution watershed boundaries on 30’and 5° and the source code to produce results for
different resolutions and projection systems. The third step, selecting suitable stations for calibration and validation, was also
based on the Intersection over Union ratio. This selection of stations can now be used more effectively to calibrate grid-based

hydrological models at different resolutions.

We are very grateful for the work of GRDC in collecting and making available a considerable number of stations. Around
8,000 of the 10,701 stations fit very well and have less than a 5% upstream area difference between the reported upstream area
and the MERIT Hydro upstream area. 10,000 stations have less than 30% upstream area difference. For 228 stations, however,
we could not find a suitable location, and for another 437 stations, the reported area and calculated area are very different (25%

error). Most stations (8544) could be located on the high-resolution MERIT network within a 1 km range. However, 843
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stations have a corrected station location more than 5 km distance to the original position. We propose a quality check for

these stations; otherwise, the time series cannot be used for any application.

5. Code and data availability

The MERIT Hydro - global hydrography dataset is available for download at http://hydro.iis.u-
tokyo.ac.jp/~yamadai/MERIT_Hydro (Yamazaki et al., 2019) and was last updated on 17 May 2019. The metadata
information on 10,701 was provided by the Global Runoff Data Centre (GRDC, https://www.bafg. de/GRDC) (04/04/2022).
The watershed boundaries based on Lehner et al. (2011) can be downloaded from GRDC.

The source code, tables, and shapefile datasets for high-resolution 3”” and low-resolution 5° and 30’ are stored on Zenodo
with the associated DOI https://doi.org/ 10.5281/zenodo.6906577. In addition, we provide the source code on a

GitHub repository https://github.com/iiasa/ CWATM_grdc_calibration_stations as release version 1.0. Please keep in mind

that the Zenodo repository is the location where users can retrieve exactly the data that have been used for this study.

Acknowledgments

The authors acknowledge the Global Runoff Data Centre (GRDC, Koblenz, Germany) for providing the metadata and time
series of 10701 discharge stations. We appreciate all the other open-source projects (especially the flwdir open-source project
from Eilander et al. (2021)) which we used to collect ideas and which, for our part, we hope to cross-fertilize with our ideas.
We are grateful for all the freely available data sets (especially from the MERIT Hydro database). We also thank the students
of St. Pélten New Design University, class of Prof. E. Bravi, for providing advice on creating the figures.

CRediT authorship contribution statement
Peter Burek: Conceptualization, Methodology, Data curation, Writing - original draft, Writing - review and editing.

Mikhail Smilovic: Writing - review and editing.

Competing interests

The contact author has declared that neither they nor their co-authors have any competing interests.

16



395

400

405

410

415

420

425

430

435

440

Earth System
Science

Data

https://doi.org/10.5194/essd-2022-231
Preprint. Discussion started: 5 August 2022
(© Author(s) 2022. CC BY 4.0 License.

Open Access
suoIssnasIqg

References

Alfieri, L., Burek, P., Feyen, L., and Forzieri, G.: Global warming increases the frequency of river floods in Europe, Hydrology and Earth
System Sciences, 19, 2247-2260, 10.5194/hess-19-2247-2015, 2015.

Alfieri, L., Lorini, V., Hirpa, F. A., Harrigan, S., Zsoter, E., Prudhomme, C., and Salamon, P.: A global streamflow reanalysis for 1980—
2018, Journal of Hydrology X, 6, 100049, https://doi.org/10.1016/j.hydroa.2019.100049, 2020.

Bierkens, M. F. P.: Global hydrology 2015: State, trends, and directions, Water Resources Research, 51, 4923-4947,
10.1002/2015WR017173, 2015.

Burek, P. and Smilovic, M.: The use of GRDC gauging stations for calibrating large-scale hydrological models (1.0) [Data set]. Zenodo.
https://doi.org/10.5281/zenodo.6906577, 2022

Burek, P., Satoh, Y., Kahil, T., Tang, T., Greve, P., Smilovic, M., Guillaumot, L., Zhao, F., and Wada, Y.: Development of the
Community Water Model (CWatM v1.04) — a high-resolution hydrological model for global and regional assessment of
integrated water resources management, Geosci. Model Dev., 13, 3267-3298, 10.5194/gmd-13-3267-2020, 2020.

Christodoulou, A., Christidis, P., and Bisselink, B.: Forecasting the impacts of climate change on inland waterways, Transportation
Research Part D: Transport and Environment, 82, 102159, https://doi.org/10.1016/j.trd.2019.10.012, 2020.

Data Portal of the Mekong River Commission: https://portal. mrcmekong.org/home, last access: 15/05/2022.

Do, H. X., Gudmundsson, L., Leonard, M., and Westra, S.: The Global Streamflow Indices and Metadata Archive (GSIM) — Part 1: The
production of a daily streamflow archive and metadata, Earth Syst. Sci. Data, 10, 765-785, 10.5194/essd-10-765-2018, 2018.

Déll, P. and Lehner, B.: Validation of a new global 30-min drainage direction map, Journal of Hydrology, 258, 214-231, 10.1016/S0022-
1694(01)00565-0, 2002.

Eilander, D., van Verseveld, W., Yamazaki, D., Weerts, A., Winsemius, H. C., and Ward, P. J.: A hydrography upscaling method for
scale-invariant parametrization of distributed hydrological models, Hydrol. Earth Syst. Sci., 25, 5287-5313, 10.5194/hess-25-
5287-2021, 2021.

Fekete, B. M. and Vérosmarty, C. J.: Global, composite runoff fields based on observed river discharge and simulated water balances,
1999.

Frieler, K., Betts, R., Burke, E., Ciais, P., Denvil, S., Deryng, D., Ebi, K., Eddy, T., Emanuel, K., Elliott, J., Galbraith, E., Gosling, S. N.,
Halladay, K., Hattermann, F., Hickler, T., Hinkel, J., Huber, V., Jones, C., Krysanova, V., Lange, S., Lotze, H. K., Lotze-
Campen, H., Mengel, M., Mouratiadou, I., Miller Schmied, H., Ostberg, S., Piontek, F., Popp, A., Reyer, C. P. O., Schewe, J.,
Stevanovic, M., Suzuki, T., Thonicke, K., Tian, H., Tittensor, D. P., Vautard, R., van Vliet, M., Warszawski, L., and Zhao, F.:
Assessing the impacts of 1.5°C global warming — simulation protocol of the Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP2b), Geosci. Model Dev. Discuss., 2016, 1-59, 10.5194/gmd-2016-229, 2016.

GRDC: https://www.bafg.de/GRDC/EN/Home/homepage_node.html, last access: 15/05/2022.

Guillaumot, L., Smilovic, M., Burek, P., de Bruijn, J., Greve, P., Kahil, T., and Wada, Y.: Coupling a large-scale hydrological model
(CwatM) with a high-resolution groundwater flow model to assess the impact of irrigation at regional scale, Geosci. Model Dev.
Discuss., 2022, 1-37, 10.5194/gmd-2022-161, 2022.

Hanasaki, N., Matsuda, H., Fujiwara, M., Hirabayashi, Y., Seto, S., Kanae, S., and Oki, T.: Toward hyper-resolution global hydrological
models including human activities: application to Kyushu island, Japan, Hydrol. Earth Syst. Sci., 26, 1953-1975, 10.5194/hess-
26-1953-2022, 2022.

Hanasaki, N., Kanae, S., Oki, T., Masuda, K., Motoya, K., Shirakawa, N., Shen, Y., and Tanaka, K.: An integrated model for the
assessment of global water resources — Part 1: Model description and input meteorological forcing, Hydrology and Earth System
Sciences, 12, 1007-1025, 10.5194/hess-12-1007-2008, 2008.

Hoekstra, A. Y., Mekonnen, M. M., Chapagain, A. K., Mathews, R. E., and Richter, B. D.: Global Monthly Water Scarcity: Blue Water
Footprints versus Blue Water Availability, PLOS ONE, 7, €32688, 10.1371/journal.pone.0032688, 2012.

Hunt, J. D., Byers, E., Wada, Y., Parkinson, S., Gernaat, D. E. H. J., Langan, S., van Vuuren, D. P., and Riahi, K.: Global resource
potential of seasonal pumped hydropower storage for energy and water storage, Nature Communications, 11, 947,
10.1038/s41467-020-14555-y, 2020.

Hydroscience Montpellier: http://www.hydrosciences.org. last access: 04/05/2022.

Kling, H., Fuchs, M., and Paulin, M.: Runoff conditions in the upper Danube basin under an ensemble of climate change scenarios, Journal
of Hydrology, 424-425, 264-277, https://doi.org/10.1016/j.jhydrol.2012.01.011, 2012.

Lehner, B.: Derivation of watershed boundaries for GRDC gauging stations based on the HydroSHEDS drainage network - Technical
Report prepared for the GRDC, Global Runoff Data Centre, Koblenz, Germany, 18, 2012.

17



445

450

455

460

465

470

475

480

485

Earth System
Science

Data

https://doi.org/10.5194/essd-2022-231
Preprint. Discussion started: 5 August 2022
(© Author(s) 2022. CC BY 4.0 License.

Open Access
suoIssnasIqg

Lehner, B., Verdin, K., and Jarvis, A.: New global hydrography derived from spaceborne elevation data, Eos, 89, 93-94,
10.1029/2008E0100001, 2008.

Lehner, B., Liermann, C. R., Revenga, C., Voérosmarty, C., Fekete, B., Crouzet, P., D6ll, P., Endejan, M., Frenken, K., Magome, J.,
Nilsson, C., Robertson, J. C., Rddel, R., Sindorf, N., and Wisser, D.: High-resolution mapping of the world's reservoirs and dams
for sustainable river-flow management, Frontiers in Ecology and the Environment, 9, 494-502, 10.1890/100125, 2011.

Maller Schmied, H., Céceres, D., Eisner, S., Florke, M., Herbert, C., Niemann, C., Peiris, T. A., Popat, E., Portmann, F. T., Reinecke, R.,
Schumacher, M., Shadkam, S., Telteu, C. E., Trautmann, T., and D6ll, P.: The global water resources and use model WaterGAP
v2.2d: model description and evaluation, Geosci. Model Dev., 14, 1037-1079, 10.5194/gmd-14-1037-2021, 2021.

Munier, S. and Decharme, B.: River network and hydro-geomorphology parametrization for global river routing modelling at 1/12°
resolution, Earth Syst. Sci. Data Discuss., 2021, 1-28, 10.5194/essd-2021-434, 2021.

Nash, J. E. and Sutcliffe, J. V.: River flow forecasting through conceptual models part | — A discussion of principles, Journal of
Hydrology, 10, 282-290, https://doi.org/10.1016/0022-1694(70)90255-6, 1970.

Nilson, E., Lingemann, I., Klein, B., and Krahe, P.: IMPACT OF HYDROLOGICAL CHANGE ON NAVIGATION CONDITIONS. EU-
ECCONET Report 1.4, 2013.

Rezatofighi, H., Tsoi, N., Gwak, J., Sadeghian, A., Reid, ., and Savarese, S.: Generalized Intersection Over Union: A Metric and a Loss
for Bounding Box Regression, 2019 IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), 15-20 June
2019, 658-666, 10.1109/CVPR.2019.00075,

Sutanudjaja, E. H., Van Beek, L. P. H., De Jong, S. M., Van Geer, F. C., and Bierkens, M. F. P.: Calibrating a large-extent high-resolution
coupled groundwater-land surface model using soil moisture and discharge data, Water Resources Research, 50, 687-705,
10.1002/2013WR013807, 2014.

Sutanudjaja, E. H., Van Beek, R., Wanders, N., Wada, Y., Bosmans, J. H. C., Drost, N., Van Der Ent, R. J., De Graaf, I. E. M., Hoch, J.
M., De Jong, K., Karssenberg, D., Lépez Loépez, P., PeRenteiner, S., Schmitz, O., Straatsma, M. W., Vannametee, E., Wisser, D.,
and Bierkens, M. F. P.: PCR-GLOBWAB 2: A 5 arcmin global hydrological and water resources model, Geoscientific Model
Development, 11, 2429-2453, 10.5194/gmd-11-2429-2018, 2018.

Udo, E., Ojinnaka, O. C., Njoku, R. N., and Baywood, C. N.: Flood frequency analysis of River Niger at Lokoja, Kogi State using Log-
Pearson Type Il distribution, International journal of water resources and environmental engineering, 13, 30-36, 2021.

van Beek, L. P. H., Wada, Y., and Bierkens, M. F. P.: Global monthly water stress: 1. Water balance and water availability, Water
Resources Research, 47, https://doi.org/10.1029/2010WR009791, 2011.

van Vliet, M. T. H., van Beek, L. P. H., Eisner, S., Florke, M., Wada, Y., and Bierkens, M. F. P.: Multi-model assessment of global
hydropower and cooling water discharge potential under climate change, Global Environmental Change, 40, 156-170,
https://doi.org/10.1016/j.gloenvcha.2016.07.007, 2016.

Vorosmarty, C. J., Fekete, B. M., and Tucker, B. A.: Global River Discharge, 1807-1991, V. 1.1 (RivDIS) [dataset],
https://doi.org/10.3334/ORNLDAAC/199, 1998.

Wang, F., Polcher, J., Peylin, P., and Bastrikov, V.: Assimilation of river discharge in a land surface model to improve estimates of the
continental water cycles, Hydrol. Earth Syst. Sci., 22, 3863-3882, 10.5194/hess-22-3863-2018, 2018.

Warszawski, L., Frieler, K., Huber, V., Piontek, F., Serdeczny, O., and Schewe, J.: The inter-sectoral impact model intercomparison
project (ISI-MIP): project framework, Proceedings of the National Academy of Sciences, 111, 3228-3232, 2014.

Yamazaki, D., Ikeshima, D., Sosa, J., Bates, P. D., Allen, G. H., and Pavelsky, T. M.: MERIT Hydro: A High-Resolution Global
Hydrography Map Based on Latest Topography Dataset, Water Resources Research, 55, 5053-5073,
https://doi.org/10.1029/2019WR024873, 2019.

Zhao, F., Veldkamp, T. I. E., Frieler, K., Schewe, J., Ostberg, S., Willner, S., Schauberger, B., Gosling, S. N., Schmied, H. M., Portmann,
F.T. Leng, G., Huang, M., Liu, X., Tang, Q., Hanasaki, N., Biemans, H., Gerten, D., Satoh, Y., Pokhrel, Y., Stacke, T., Ciais,
P., Chang, J., Ducharne, A., Guimberteau, M., Wada, Y., Kim, H., and Yamazaki, D.: The critical role of the routing scheme in
simulating peak river discharge in global hydrological models, Environmental Research Letters, 12, 075003, 10.1088/1748-
9326/aa7250, 2017.

18



