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suited for global studies of the Earth’s hydrosphere11. ICESat-2 WSE observations have already been used to 
derive WSS in small study areas2,12, but not at the global scale. WSS datasets at the global scale so far exist only 
on the basis of DEM data such as the “Global River-Slope” (GloRS13) or as part of the “SWOT Mission River 
Database” (SWORD14).

In a previous study2, we developed an approach to derive reach-scale WSS from ICESat-2 observations. 
The approach was applied to 815 reaches in Europe and North America where sufficient validation data was 
available. For 89% of those reaches, the approach could be used to estimate WSS with a median absolute error of 
23 mm/km, almost complying with the SWOT requirements of 17 mm/km. For the remaining studied reaches, 
there were no or not sufficient observations from ICESat-2. In order to create the global “ICESat-2 River Surface 
Slope” (IRIS15) dataset, we applied our approach2 to all reaches defined within SWORD. By referencing SWORD, 
IRIS can be easily compared or combined with SWOT mission observations as they become available. IRIS is 
the first WSS dataset with global coverage based on ICESat-2 observations. In this paper, we briefly review the 
materials and methods and present the resulting dataset.

Fig. 1  Processing strategy for the computation of the IRIS water surface slope (WSS) data.
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geometries and river widths from the “Global River Widths from Landsat” (GRWL19) dataset segmented into 
reaches approximately every 10 km and topologically ordered. The direction of flow can be inferred from the 
reach identifiers, which increase upstream. The reaches are segmented at natural and artificial river obstructions 
such as dams and waterfalls, or anomalies like basin boundaries and tributary junctions. Therefore, we assume 
the WSS within each reach to be reasonably homogeneous. Each SWORD reach has an assigned type, and only 
reaches of type “river” or “lake on river” are processed for IRIS. SWORD also contains WSE and WSS data from 
MERIT Hydro20 which is derived from the multi-error-removed improved-terrain (MERIT) DEM21 based on 
SRTM. We use the SWORD WSS for comparison with IRIS. IRIS uses the SWORD reach identifier as a key so that 
both datasets can be used together.

In the first step of preprocessing, we buffer each SWORD reach’s centerline geometry by its average width to 
construct a polygon that defines the area of interest (AOI) for further processing. The resulting AOI is thus twice 
as wide as the average SWORD reach’s width to account for any significant temporal and spatial variability (e.g., 
on braided rivers). Note, that for the creation of the regional dataset (version v0), the AOIs were even wider by 

Fig. 2  Averaged combined water surface slope (WSS).

Fig. 3  Detailed views of the averaged combined WSS for North America, Europe, and Siberia (upper f.l.t.r.), 
South America, Central Africa, and East Asia (lower f.l.t.r.).
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ATL13 does not contain photon-level observations but representative values over short segments of 75 to 100 
consecutive received photons above inland water bodies. These short segments have an along-track length of 30 to 
several hundred meters, depending on the number of received signal photons per pulse23. We use the mean water 
surface height parameter (“ht_water_surf”) with reference to the WGS84 ellipsoid and apply the EIGEN-6C4 
geoid25, which, unlike the EGM2008 geoid used for the ATL13 orthometric heights, also includes measurements 
from the GOCE mission. Additionally, we use the “cloud_flag_asr_atl09” and “snow_ice_atl09” (new in version 
v1 compared to v0) parameters to identify and reject outliers caused by clouds and ice coverage. All remaining 
ATL13 observations within the respective AOI are grouped by beam, cycle, and individual river intersection into 
so-called features (3D-geometries containing points of common properties). For each feature i, the chainage value 
xi of its intersection with the river centerline or otherwise of the nearest point of the centerline is determined. We 
detect further outliers within each feature by calculating the absolute deviation around the median (ADM) within 
a rolling window and a linear support vector regression (SVR), similar to the approach applied in DGFI-TUM’s 

Fig. 6  Combined water surface slope (WSS) variation. Only reaches with more than 3 days of record are shown.

Fig. 7  Combined water surface slope (WSS) variation details. Only reaches with more than 3 days of record are 
shown.
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