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A B S T R A C T

This study is the first attempt to investigate the bias of the Sentinel-3 altimetry measurements over rivers
resulting from the satellite ground track shift and the associated river slope. Altimetry-based water levels are
measured at the so-called virtual stations (VS), which are defined as the area where the satellite pass intersects
with a river channel. Since the ground tracks of the Sentinel-3 satellites can shift up to 1 km away from
the nominal track, the calculated heights over VS correspond to different locations on the river. However,
all measurements at a given VS are combined into one time series of water levels, assigned to a single
reference position. Because rivers are inclined water bodies, the upstream measurements are characterized
by a positive bias, while the downstream measurements reveal a negative bias. In this study, we investigate
water levels measured at 16 VS of the Sentinel-3 satellites, located on the middle Odra/Oder River. To correct
the measurements for the bias, we calculate the river slope by employing two separate approaches: (1) using in
situ water levels, referenced to a common vertical datum (Kronsztadt’86), calculating the slope for each satellite
measurement time, as well as (2) using the means of water levels from VS, calculating the slope once for the
entire study period. The uncorrected water level anomalies, compared to the anomalies from the neighbouring
gauges, are characterized by a mean root mean square error (RMSE) of 22 cm. The correction of water levels
utilizing both approaches led to similar outputs, and resulted in a statistically significant improvement in mean
accuracy by 5.64 cm and 5.74 cm for the gauge-based and VS-based approaches, respectively (i.e. over 25%
improvement in mean RMSE). The percentage improvement varied from 4.99% to 53.23%, depending on VS.
This study confirms the importance of the bias caused by the satellite ground track shift and the associated
river slope, determines its contribution to the overall altimetry measurement error budget, and provides a fully
automated approach to correct the time series for the slope effect.
1. Introduction

According to the latest report of the Intergovernmental Panel on
Climate Change (IPCC, 2021), climate change will be manifested not
only by an increase in the average temperature, but also by the inten-
sification of extreme events, such as droughts, floods and hurricanes.
In the face of these changes, as well as due to the demographic and
economic growth, access to freshwater will become more and more
difficult (Haddeland et al., 2014). Therefore, monitoring of inland
waters as well as their sustainable management is of great importance.
However, the availability of water level measurements on rivers is
decreasing over the recent decades (Hannah et al., 2011). Satellite

∗ Corresponding author.
E-mail address: michal.halicki2@uwr.edu.pl (M. Halicki).

altimetry has a great potential to become an alternative to in situ
gauging, since it provides regular measurements in almost the entire
Earth.

Initially developed to observe sea level dynamics (e.g. Kosek, 2001;
Leuliette et al., 2004; Nerem et al., 1994, 2010; Niedzielski and Kosek,
2009; The Climate Change Initiative Coastal Sea Level Team, 2020), the
altimetric method has also shown potential to monitor inland waters,
including lakes, rivers and wetlands (e.g. Cazenave et al., 1997; Crétaux
et al., 2009; Frappart et al., 2006; Sulistioadi et al., 2015; Tourian et al.,
2016). However, there are still a few issues that need to be resolved
for satellite altimetry to provide precise, fully useable water level
measurements of inland waters. The main problem in utilizing altimetry
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measurements on rivers is their spatial and temporal resolution. The
ground track separation on the equator for the currently operating
satellites (CryoSat-2, Sentinel-3 and Jason-3) is of 7.5 km, 104 km and
315 km, while their revisit time is of 369, 27 and 10 days, respectively.
Further, the accuracy of altimetry-based water levels of rivers is an or-
der of decimetre (e.g. Biancamaria et al., 2017; Halicki and Niedzielski,
2022; Jiang et al., 2020; Kittel et al., 2021), which is still an order of
magnitude lower than the accuracy of gauge measurements.

Altimetry measurements over inland waters are conducted at the
so-called virtual stations (VS), which are the intersections of satellite
ground tracks with river channels. One of the main challenges of
inland water observation with altimetry is the proper retracking of
the signal returning from the Earth surface, due to the contribution
of land contamination to the returned waveforms (Gao et al., 2019).
Numerous retrackers were developed and validated over inland waters
in order to properly detect the reflection from water surface as well
as to mitigate the contamination of the signal due to its reflection
from land. Jarihani et al. (2013) studied multiple satellite altimetry
data processed with various retrackers over some of the Australian
lakes and rivers. Those authors confirmed the general usefulness of
this technique in hydrological applications. The performance of several
retrackers was studied on a basis of Sentinel-3A altimetry over the
Brahmaputra River by Huang et al. (2019) who thoroughly investigated
their performance over river sections located on high altitudes with
complex terrain. Significant improvement in data quality was brought
by the development of the Synthetic Aperture Radar (SAR) mode, which
reduced the along-track resolution from 1.64 km to 300 m (Nielsen
et al., 2017). Due to this change, the returning waveform is less affected
by land contamination. Further, smaller water bodies can now be
sensed by the altimeter (Quartly et al., 2020). Another improvement
of altimetry products over rivers and lakes came with the development
of the open-loop mode, which, due to the a priori information about the
surface topography, enables controlling the range window position of
the altimeter. This leads to a significant increase in the number of VS
for satellites operating in this mode (Le Gac et al., 2021).

Despite the above-mentioned progress in altimetry over inland wa-
ters, there are still numerous factors affecting its accuracy. Initially,
altimetry measurements of river stages were constrained by a minimum
river width of 1 km (Birkett, 1998). Along with the technological devel-
opment of altimetry, the minimum river width decreased below 100 m,
and currently it is not a factor limiting the measurements (Santos
da Silva et al., 2010). A thorough investigation of such factors was
conducted by Maillard et al. (2015) who studied the Envisat and
SARAL altimetry over the São Francisco River. Those authors identified
three factors, which may affect the altimetric measurement: (1) land
cover along the satellite ground track near the river, (2) river channel
morphology (width, direction and shape) and (3) land topography near
the river channel. The influence of the two first factors was also studied
by Halicki and Niedzielski (2022) who investigated the Sentinel-3A
altimetry water levels over Polish rivers. The authors found no influ-
ence of the river width and land cover on the accuracy of altimetric
measurements. However, the complex river channel morphology (the
presence of sandbars etc.) and the unfavourable geographical setting
of the VS (i.e. the river channel parallel to the satellite ground track
or multiple crossings of the river channel by the satellite ground track)
occurred more often on VS characterized by lower accuracy.

Due to orbit perturbations, the satellite ground tracks do never
perfectly superimpose. For example, the ground track deviation of
the Sentinel-3 satellites is of 1 km (https://sentinels.copernicus.eu/
web/sentinel/missions/sentinel-3/satellite-description/orbit, accessed
on 13.04.2022). However, altimetric measurements on rivers from a
given VS are usually combined into one time series, assuming that
they were all taken over the same river outlet (cross-section). In a
specific geographical situation, i.e. when a river channel is aligned
almost parallelly to the satellite ground track, a shift of 1 km might
2

result in water level measurements taken several kilometres upstream
or downstream the nominal VS (Fig. 1). Since rivers slope towards the
mouth, altimetry-based water levels measured away from the central
position of VS are characterized by bias: negative for downstream, and
positive for upstream passes (Fig. 2).

The effect of the satellite ground track shift and the river slope
on the river altimetry observations, hereinafter referred to as ‘‘river
altimetry slope bias’’, was already noticed in the 90s (Birkett, 1998;
Koblinsky et al., 1993). For that time, the problem of the river altimetry
slope bias could not be solved, since ‘‘gradients across wetland and
river basins are poorly known, and the altimetry itself can only provide
along-track gradients’’ (Birkett, 1998). Further, Koblinsky et al. (1993)
and Birkett (1998) focused mainly on the Amazon River, which, in most
of its parts, has a gentle slope of several centimetres per kilometre (e.g.
Birkett et al., 2002), therefore the river altimetry slope bias appears to
be of minor importance.

To the best of authors’ knowledge, the first study to suggest and
apply a correction for the bias described above was the work of Santos
da Silva et al. (2010) who studied the ERS-2 and ENVISAT altimetry
over the Amazon basin. The authors applied a correction by ‘‘manually
entering a slope value and correcting for the height difference between
the mean location of the pass and the location retained for the virtual
station’’. The correction, for most of the altimetry time series, was
characterized as a second order correction. Also, Boergens et al. (2016)
identified the river altimetry slope bias. The authors corrected the
ENVISAT measurements over the Mekong River by using the river slope
described in literature. However, due to the lack of gradient values of
the Mekong River tributaries, that correction was applied only to the
main stream. Also in that work, the improvement in the accuracy was
called a ‘‘secondary correction’’.

Both Santos da Silva et al. (2010) and Boergens et al. (2016)
described the correction to be of second order. However, their studies
employed altimetry data of the ERS-2 and ENVISAT satellites, which
operate in the Low Resolution Mode (LRM). The footprint size of alti-
metric measurements carried out by these satellites is larger than one
kilometre. The new altimetry missions (Sentinel-3A/-3B and CryoSat-2)
are equipped with the SAR altimeters, the along-track resolution of
which is only 300 m. Further, the Sentinel-3 satellites operate in the
open-loop mode. Therefore, it would be recommended to study the
river altimetry slope bias based on the new altimeter data, which
is characterized by a higher accuracy than the ERS-2 and ENVISAT
missions.

It is also to be mentioned that both of the previously described
approaches used a priori information about the river slope which is
indispensable for the calculation of the vertical difference. However,
the gradient of a given river section can be now calculated with the
use of altimetry data. Such calculations were performed in the Amazon
River using TOPEX/Poseidon altimetry (Birkett et al., 2002) and using
ICESat laser altimetry over the Kongo river (O’Loughlin et al., 2013).
The altimetry-based river slope was also calculated by Garambois et al.
(2017) and Bjerklie et al. (2018) for the purpose of hydrological
modelling. Altimetry-based gradient calculations were also conducted
to unify or compare water levels of different VS or in situ stations (e.g.
Hall et al., 2012; Schneider et al., 2018; Tourian et al., 2016; Villadsen
et al., 2015; Xiang et al., 2021).

In our study, we aim to thoroughly analyse the river altimetry
slope bias. We consider 16 VS of the Sentinel-3 satellites, located on
the middle Odra/Oder River, hereinafter abbreviated as Odra River.
We also propose a correction based on the distance between each
measurement and the reference position of a VS as well as on the river
slope of a given river section. The gradient value will be calculated
in two separate approaches: (1) using water levels from neighbouring
gauges, which will result in the river slope value at each time of the
satellite pass, as well as (2) using means of water levels at VS. The
gauge-based slope will serve as a reference, since in situ readings are
of very high quality. Using the up-to-date slope, we will determine the

contribution of the river altimetry slope bias to the overall budget of the

https://sentinels.copernicus.eu/web/sentinel/missions/sentinel-3/satellite-description/orbit
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Fig. 1. Altimeter measurements over the middle Odra River illustrating the Sentinel-3A ground track shift.
altimetric measurement error. The second approach will be performed
using one river slope value (fixed for the whole study period) for a
given river section.

We argue that water level time series corrected for the river altime-
try slope bias will be characterized by a lower root mean square errors
(RMSE) than the uncorrected measurements. The novelty of this study
resides in correcting the highly accurate Sentinel-3 measurements,
which, since operating in the SAR mode, are characterized by a small
along-track resolution. Further, we propose a fully automatic approach
that allows to calculate corrections based only on satellite data, without
the need to use manually entered slopes (Santos da Silva et al., 2010)
or slopes previously presented in the literature (Boergens et al., 2016).
Our solution can be used operationally as it does not require any a priori
data.

2. Study area

Odra is Poland’s second-longest river with length of 854 km. It has
its headwaters in Czechia in the Sudetes mountains, but it
predominantly flows through the territory of western Poland. Odra is
3

usually divided into the upper Odra (upstream from the Kędzierzyn-
Koźle city), the middle Odra (between the Kędzierzyn Koźle city and the
mouth of the Warta River) and the lower Odra (downstream the mouth
of the Warta River). In its upper part, Odra is a narrow, mountainous
river. On the contrary, on its lower part the river is almost flat, with
slope values varying from 0.05 m/km to 0.001 m/km (Dubicki et al.,
2005). The upper part of the middle Odra is channelled and regulated
by numerous hydraulic structures. Considering the above described
river characteristics as well as the availability of gauge and altimetry
measurements, the study area has been limited to the middle Odra
section between the Ścinawa and Kostrzyn nad Odrą gauges (Fig. 3),
which is free of water damming structures and its slope ranges from
0.19 m/km to 0.28 m/km (Dubicki et al., 2005).

The study area can be characterized as a lowland, with altitudes
below 300 m a.s.l., gently sloping towards the NW direction. Four main
tributaries along the studied reach are: Warta, Nysa Łużycka, Bóbr and
Barycz, with length of 795 km, 246 km, 278 km and 136 km, respec-
tively. Following the river classification based on width (Meybeck et al.,
1996), most of the middle Odra River can be classified as a small river
(40–200 m in width). The regime can be classified as nival, moderately
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Fig. 2. The altimetry measurement bias resulting from the satellite pass non-repeatability.
developed (Wrzesiński, 2017). This implies that the average flow in
the spring month is 130%–180% of the average annual flow, which
is driven by snow thawing. The channel of the middle Odra River has
undergone numerous regulations during the last two centuries (Kreft
and Parzonka, 2007). In particular, the river section considered in this
study is characterized by the occurrence of stony groins on both sides
of the channel.

3. Data

3.1. Altimetric data

Sentinel-3 is an Earth observation satellite mission developed by the
European Space Agency, designed to monitor open oceans as well as
4

coastal areas and inland waters (Fletcher, 2012). Currently, two satel-
lites operate under this mission, namely Sentinel-3A and Sentinel-3B,
launched in February 2016 and April 2018, respectively. Both operate
on a sun-synchronous orbit, the height of which is of 814.5 km. The
ground tracks of this constellation of satellites are spaced 52 km at the
equator, and the repeat cycle is of 27 days. One of the instruments
carried by these satellites is the Synthetic Aperture Radar Altimeter
(SRAL) which uses the Ku-band and C-band frequencies. It operates
in the SAR mode between 60◦N and 60◦S. Considering the on-board
tracking mode of Sentinel-3, both satellites operate in the open-loop
mode.

In this study, we use the ‘‘Non Time Critical’’ (NTC) Sentinel-3
data provided by the European Organisation for the Exploitation of
Meteorological Satellites (EUMETSAT) through the Copernicus On-
line Data Access (CODA, https://www.eumetsat.int/coda/, accessed on

https://www.eumetsat.int/coda/
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Fig. 3. Study area.
Table 1
List of virtual stations used in this study.

DAHITI-ID Satellite Longitude Latitude Nearest gauge Distance to gauge [km] River width [m]

13659 Sentinel-3A 14.5711 52.4399 Słubice 11.892 155
13660 Sentinel-3A 14.6561 52.2628 Słubice 14.292 190
13661 Sentinel-3A 14.6645 52.2601 Słubice 14.944 200
18752 Sentinel-3A 14.6905 52.1984 Biała Góra 14.752 215
18753 Sentinel-3A 14.7464 52.0802 Biała Góra 1.877 160
18754 Sentinel-3A 16.2541 51.6802 Głogów 14.011 115
19763 Sentinel-3A 15.4911 52.0443 Cigacice 8.526 105
23404 Sentinel-3B 15.0362 52.0673 Połęcko 11.280 140
23405 Sentinel-3B 15.2160 52.0766 Nietków 11.566 115
23406 Sentinel-3A 15.7319 51.9733 Cigacice 14.842 145
23407 Sentinel-3B 15.8187 51.7475 Nowa Sól 11.270 160
23408 Sentinel-3A 15.8515 51.7261 Nowa Sól 15.254 110
23409 Sentinel-3B 16.3706 51.6109 Głogów 28.560 115
23410 Sentinel-3B 16.4457 51.4512 Ścinawa 5.036 120
38366 Sentinel-3A 15.7668 51.9017 Nowa Sól 13.405 145
38367 Sentinel-3A 15.7825 51.8701 Nowa Sól 8.961 130
13.04.2022) service. Based on the Sentinel-3 data, we derived water

level time series for 16 VS located on the middle Odra River (Fig. 3),

11 of which are VS of the Sentinel-3A, and 5 of them are Sentinel-3B

VS (Table 1). The mean distance between the compared stations is of

12.53 km, and it ranges from 1.88 km to 28.56 km. The river width at
5

the studied VS, measured on a basis of Google Earth imagery, ranges
from 105 to 215 m, with a mean of 145 m.

3.2. In situ data

The gauge network consists of 9 in situ stations (Fig. 3), located
closer than 30 km from the VS (Table 1). Water levels from these
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gauges are used for two purposes: to assess the accuracy of satellite
measurements as well as to calculate the river slope of a given section.
Readings from the Kostrzyn nad Odrą gauge are used only for the slope
calculation, since it is not the nearest gauge to any VS. The water
levels are operationally measured by the Institute of Meteorology and
Water Management – National Research Institute (Instytut Meteorologii
i Gospodarki Wodnej – Państwowy Instytut Badawczy, IMGW-PIB) and
provided with a time step of 1 h. The time span of in situ data ranges
from April 2016 to August 2021. IMGW-PIB provided also the gauge
zero heights, referenced to the Kronsztadt’86 vertical datum. These val-
ues are crucial for the gauge-based slope calculation (see Section 4.2.1).
In total, in situ data gaps while satellite passes over VS occur in 25
situations, out of 969 considered. However, in situ data is missing 49
imes when trying to calculate the gauge-based slope value, since for
his calculation stages from both neighbouring gauges are indispensable
see Section 4.2.1). All in all, this is still a very low number of missing
ata and we do not conduct any gap interpolation for this study.

. Methods

.1. Water level time series from satellite altimetry

The methodology for the estimation of water level time series for 16
S using Sentinel-3A and Sentinel-3B is based on the DAHITI approach
escribed in Schwatke et al. (2015). This approach is based on an
xtended outlier rejection, applied retracking and a Kalman filter step.
owever, for this study, we added a new outlier criteria based on river
entrelines taken from the SWOT River Database (SWORD, Altenau
t al., 2021). The SWORD centrelines are used to estimate the exact
iver crossings of each altimeter track which are later used for the river
lope correction. Additionally, a new outlier criteria is applied rejecting
ll altimeter measurements which are further away than 500 m from the
iver crossings. Based on the remaining altimeter measurements and the
AHITI approach are water level time series for 16 VS computed. The
ater levels are given normal heights. All water level time series are

reely available on the DAHITI webportal (https://dahiti.dgfi.tum.de,
ccessed on 13.04.2022).

.2. Slope calculation

.2.1. Gauge-based approach
Calculation of the river slope in the gauge-based approach is con-

ucted on a basis of in situ measurements: gauge zeros and water
evels (above gauge zero). For each satellite pass, water levels from
he upstream and the downstream adjacent gauges are juxtaposed. As
entioned in Section 3.2, in 49 situations there is a data gap at one of

he gauges. In such case, we decided to compare heights from up to 24 h
efore or after the altimetric measurement. However, the compared
ater levels need to refer to the same time: for example in case of data
aps at time 𝑡0 we look for Water Surface Elevations (WSE) at 𝑡1ℎ for
oth gauges, then for the WSE at 𝑡−1ℎ, and so on up to 24 h. Due to
his operation the calculation of the river slope is impossible only in
0 situations. Finally, the river slope at each of the satellite passes is
alculated as follows:

𝑎𝑢𝑔𝑒-𝑏𝑎𝑠𝑒𝑑 𝑠𝑙𝑜𝑝𝑒 [m∕km] =
(ℎ𝑢 + 𝑧𝑢) − (ℎ𝑑 + 𝑧𝑑 )

𝑑
, (1)

where ℎ𝑢, ℎ𝑑 are the upstream and downstream water levels (above
auge zero) [m], 𝑧𝑢, 𝑧𝑑 are the upstream and downstream gauge zeros
m] and 𝑑 is the along river distance between gauges [km]. The result
f this calculation is the mean river slope on the river section between
eighbouring gauges.
6

4.2.2. VS-based approach
As mentioned in the Introduction, the river slope calculation is now

possible with the use of altimetry data. The gradient can be determined,
if the vertical difference and the along-river distance between the VS
are known. One of the approaches for estimating the vertical differ-
ence resides in subtracting the means of heights from two adjacent
VS (e.g. Tourian et al., 2016). A modified approach was presented
by O’Loughlin et al. (2013) who calculated the mean heights of se-
lected months. Another approach is a subtraction of water levels from
neighbouring gauges conducted at each measurement epoch, which
was applied in the work of Garambois et al. (2017) and Bjerklie et al.
(2018). This allows a unique slope estimation for each satellite pass.
On contrary, Villadsen et al. (2015) and Xiang et al. (2021) did not
calculate the slope directly, but they rather interpolated heights on
different locations on the river. The interpolation was a function of the
distance from a given location to the river mouth (or any established
point on the river), the parameters of which were calculated on a basis
of water levels from all VS of a studied river section.

Usually the neighbouring VS are not being observed by the satellite
at the same time. Therefore, there should be a maximum time dif-
ference between VS which are chosen for the slope calculation. Hall
et al. (2012) used only those VS pairs, the measurements of which are
maximally one day apart. On the contrary, O’Loughlin et al. (2013)
defined the threshold to be of 2 days. In our study, the time shift
between observations on VS of one satellite (Sentinel-3A or Sentinel-3B)
located on neighbouring, parallel ground tracks is of 4 days, although
the distance between them is 104 km at the equator (Fig. 4). However,
in case of multiple crossing of a satellite ground track and a river chan-
nel, some VS can be observed almost simultaneously (within several
seconds), therefore they form an excellent basis for slope calculation.
The time shifts between measurements on neighbouring VS of two
different satellites or between readings from adjacent VS located on
non-parallel tracks are not stable (Fig. 4), therefore before using such
pairs for the slope calculation the actual time shift should be verified.

Considering the above-mentioned time delays between VS measure-
ments, as well as knowing the accuracy of altimetry-based WSE on
rivers of an order of decimetre, we do not calculate the river slope at
each measurement time. For a river section between two VS, one slope
value is estimated, using the vertical difference between those stations
calculated on a basis of mean WSE values (see Eq. (2)). The river slope
is calculated between VS, the measurements of which are maximally
4 days apart (so the neighbouring, parallel passes are included). The
slope of such river section is calculated as follows:

𝑉 𝑆-𝑏𝑎𝑠𝑒𝑑 𝑠𝑙𝑜𝑝𝑒 [m∕km] =
ℎ𝑢 − ℎ𝑑

𝑑
, (2)

where ℎ𝑢, ℎ𝑑 are the upstream and downstream means of VS water
levels [m], and 𝑑 is the along river distance between VS [km]. This
value represents the slope of the river section between the two VS.

4.3. Distance calculation and water levels correction

The second essential value for the proposed correction is the dis-
tance from the altimetric measurement to the VS reference position. In
this study, we used the river centreline from the Map of the Hydro-
graphic Division of Poland (Mapa Podziału Hydrograficznego Polski).
In most cases, the satellite track crossed the river at each of its passes.
For such situations the altimetric measurement location is defined
as the intersection between the river line and the current satellite
pass. However, on several VS in some cases the satellite did not
pass exactly over the river. In these situations the off-nadir correction
is applied (Boergens et al., 2016), and the measurement location is
defined as the point on the river located closest to the current satellite
pass. Finally, the distance is being determined as the length of the river
section between the current altimetric measurement and the reference
position of the VS.

https://dahiti.dgfi.tum.de
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Fig. 4. Time delay occurring between satellite passes over the middle Odra River.
Having established the river slope and the distance from the ref-
erence, it is possible to calculate the corrected water levels, which is
conducted as follows:

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑊 𝑆𝐸 = 𝑊𝑆𝐸 − (𝑅𝑆 ⋅𝐷), (3)

where 𝑊𝑆𝐸 is the water surface elevation on a VS [m], 𝑅𝑆 is the
river slope [m/km], and 𝐷 is the along-river distance from the current
altimetry measurement to the reference position of the VS [km]. The
value of the correction is subtracted from WSE, since the distance
value is set a positive number for measurements upstream and as a
negative number for measurements downstream the reference position.
Therefore, if the satellite passes downstream the reference position, the
measurement is likely to be underestimated, therefore the shift should
increase WSE. On the other hand, for measurements taken upstream
the reference position, the correction should lower WSE, as it is likely
to be overestimated.

Fig. 5 presents the workflow of data processing carried out in
this study. After retrieving Sentinel-3A/3B NTC data from EUMETSAT,
this data is being processed and corrected in the modified DAHITI
approach. These water levels are then corrected for the measurements
non-stationarity with the use of the gauge-based slope (calculated for
each measurement time separately) and the VS-based slope (calculated
once for the entire study area). Finally, all three time series: uncor-
rected, corrected with gauge-based slope (approach 1) and corrected
7

with VS-based slope (approach 2) are compared with WSE from the
adjacent gauges. The comparison is conducted taking into account the
time lag between the compared stations, which is thoroughly described
in Halicki and Niedzielski (2022).

4.4. Statistical methods

To check if errors of the estimated water levels are reduced as a
result of applying slope corrections along the lines of the approach
1 and 2, numerous statistical tests are employed. Three data sets are
analysed: (1) RMSE at 16 VS before correction, (2) RMSE at 16 VS
after correction based on the approach 1 and (3) RMSE at 16 VS after
correction based on the approach 2.

To evaluate the significance of the above-mentioned reduction in
RMSE, two pairs of data sets are considered: (1) uncorrected data vs.
corrected data using approach 1, (2) uncorrected data vs. corrected data
using approach 2. The Welch two-sample Student’s T-test is utilized,
in which the null hypothesis of equal means of RMSE in two samples
is tested against the one-sided alternative that mean RMSE of the
corrected water level is significantly lower than mean RMSE of the
uncorrected river stages. The choice of the two-sample Student’s T-test
is due to its considerable power.

To carry out the statistical inference using the two-sample Student’s

T-test, numerous assumptions must be fulfilled: (1) each of three data
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ets must be internally statistically independent, (2) each of three data
ets must be normally distributed, (3) variances of data sets juxtaposed
n the aforementioned pairs must be equal. First, the hypothesis of
ndependence within each data set is verified using the Ljung–Box
est (Ljung and Box, 1978). Second, the normality hypothesis is checked
sing the Shapiro–Wilk test (Royston, 1995). Third, the F test for
omparing variances of normally distributed samples is used.

. Results

Since rivers are water bodies characterized by an inclined water
urface, and the satellite ground track can shift up to one kilometre
owards both sides, the altimetric measurements are subject to be
iased. This can be observed in Fig. 6 which presents the amount of bias
f every altimetry measurement at all studied VS. The bias is calculated
s the difference between the altimetry-based water level anomaly com-
ared to the corresponding water level anomaly from the neighbouring
auge. Each subfigure shows the river, the nominal ground track, the
eference position of the VS and the altimetric measurement locations
see Section 4.3), the colour of which depends on the bias size. The
8

ubfigures present also the arrows which show the flow direction. 0
On almost every VS the bias of measurements conducted down-
tream the reference position is negative, which suggests an underesti-
ation of WSE. The opposite effect occurs for measurements conducted
pstream the reference position (Fig. 6). The only VS for which this
rend is ambiguous is VS 13659. It is also worth noting that the geo-
raphical setting of the VS determines the maximum distances between
he measurements and the reference position. If the satellite pass is
uite parallel to the river channel (e.g. VS 18753, VS 23410), the
urthest measurements might be even 2–3 km away from the reference
osition. For such points, the bias may exceed 0.5 m. Fig. 6 allows also
or the identification of VS with measurements taken not exactly over
he river channel (VS 18752 and VS 38366). For these measurements
e apply the off-nadir correction (Boergens et al., 2016).

The river slope did not undergo significant changes during the study
eriod. Considering the 6-year period and all the studied river sections,
he river slope values (calculated with the gauge-based approach)
anged from 0.24 to 0.30 m/km (Table 2). The mean values of the
lope ranged from 0.26 to 0.29 m/km. This confirms that the river
lope along the middle Odra River is stable. Interestingly, the VS-based
pproach reveals very similiar slopes. The values range from 0.26 to

.28 m/km, and they do not differ from the gauge-based mean slope
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Fig. 6. Bias of satellite measurements at virtual stations on the middle Odra River.
Table 2
River slope [m/km] values at the studied virtual stations.

VS Gauge-based approach VS-based approach

River section Section length [km] Mean slope Max. slope Min. slope River section Section length [km] Slope VS time shift

13659 Słubice–Kostrzyn nad Odrą 33.842 0.26 0.28 0.24 13659–13660 26.184 0.27 0 days
13660 Biała Góra–Słubice 39.114 0.27 0.28 0.26 13659–13660 26.184 0.27 0 days
13661 Biała Góra–Słubice 39.114 0.27 0.28 0.26 13660–18752 10.070 0.27 0 days
18752 Biała Góra–Słubice 39.114 0.27 0.28 0.26 18752–18753 16.629 0.27 0 days
18753 Połęcko–Biała Góra 15.315 0.27 0.30 0.26 18752–18753 16.629 0.27 0 days
18754 Ścinawa–Głogów 59.654 0.29 0.30 0.28 23409–23410 26.060 0.28 0 days
19763 Cigacice–Nietków 20.136 0.26 0.27 0.25 18753–23406 86.361 0.27 4 days
23404 Nietków–Połęcko 37.945 0.27 0.29 0.27 18753–23406 86.361 0.27 4 days
23405 Nietków–Połęcko 37.945 0.27 0.29 0.27 18753–23406 86.361 0.27 4 days
23406 Nowa Sól–Cigacice 41.406 0.28 0.29 0.27 23406–38367 17.672 0.26 0 days
23407 Głogów–Nowa Sól 36.786 0.28 0.30 0.27 38366–23408 29.144 0.27 0 days
23408 Głogów–Nowa Sól 36.786 0.28 0.30 0.27 38366–23408 29.144 0.27 0 days
23409 Ścinawa–Głogów 59.654 0.29 0.30 0.28 23409–23410 23.410 0.28 0 days
23410 Ścinawa–Głogów 59.654 0.29 0.30 0.28 23409–23410 23.410 0.28 0 days
38366 Nowa Sól–Cigacice 41.406 0.28 0.29 0.27 23406–38367 17.672 0.26 0 days
38367 Nowa Sól–Cigacice 41.406 0.28 0.29 0.27 38366–23408 29.144 0.27 0 days
values by more than 0.02 m/km. This proves the high efficiency of this
method, which is based only on satellite data. However, it has to be
mentioned that the slope values are calculated for river sections with
lengths varying from 15.315 km to 59.645 km for the gauge-approach
and from 10.07 km to 86.361 km for the VS-approach. This method
would not be applicable on river sections where waterfalls or dams
9

occur.
The accuracy of three WSE time series are presented in Table 3. The
RMSE of the uncorrected WSE ranges from 14 cm to 34 cm, with mean
of 22 cm. Almost half of studied VS (7 out of 16) are characterized
by RMSE lower than 20 cm. After applying the correction using the
gauge-based slope, the mean RMSE amounts to 16 cm, which is a
reduction of 25.46%. Only in one situation, the applied correction does

not improve the accuracy (VS 13659) – the decrease is of 0.4 cm, which
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Fig. 6. (continued).
is 2.26% of the primary accuracy. For other VS the improvement ranges
from 0.7 cm to 13.4 cm, while the improvement percentages vary from
4.99% to 53.23%. The lowest RMSE is of 9 cm (VS 13660), while the
highest RMSE occurs for VS 23408 (31 cm). Interestingly, the correction
using the VS-based slope results in a very similiar improvement. The
mean RMSE is even 0.1 cm lower than the RMSE of WSE calculated
using the approach 1. The maximum difference between those two
approaches is of 0.7 cm, which is only 6.02% difference. However, the
mean difference between these time series is of 0.64%. Therefore, both
approaches seem to have a very similiar, high efficiency.

In order to check if the reduction in RMSE of water level deter-
mination, attained as a result of applying corrections known as the
approaches 1 and 2, is statistically significant, the Welch two-sample
Student’s T-test has been utilized. The RMSE values juxtaposed in Ta-
ble 3 have been paired (uncorrected data vs. corrected using approach
1, uncorrected data vs. corrected using approach 2) to check if there is
a statistically significant reduction in mean RMSE. In all statistical tests
the significance level of 0.05 has been assumed.

Table 4 shows that 𝑝-values of the above-mentioned test, with
the one-sided alternative (which says that after the correction mean
RMSE is lower than before the correction), are of 0.0061 and 0.0054
for approach 1 and 2, respectively. It means that at the pre-assumed
significance level, the difference between RMSE averages is statistically
significant. The one-sided two-sample Student’s T-test is powerful,
i.e. in our case (16 elements in each group, significance level of
0.05, standard deviation of approximately 6, difference in means of
10
approximately 5.5) its power is of approximately 0.81. It legitimates
the inference based on only 16 elements in each group.

To perform the two-sample Student’s T-test appropriately, a number
of assumptions must be fulfilled (see Section 4.4). It is apparent from
Table 4 that all the investigated RMSE data are internally independent,
as inferred on a basis of the Ljung–Box test and the associated high
𝑝-values exceeding 0.4. Also, the Shapiro–Wilk test suggests that it
is impossible to reject the null hypothesis of normality at the pre-
defined significance level (𝑝-values are greater than 0.08). Therefore,
three data tests, each representing 16 RMSE values obtained using
(or not) different slope correction approaches, are highly likely to
follow the normal samples, which is needed to apply the two-sample
Student’s T-test properly. In addition, variances in groups (uncorrected
data vs. corrected data with approach 1 as well as uncorrected data
vs. corrected data with approach 2) do not vary significantly that is
confirmed by the F-test, the 𝑝-values of which exceed 0.7. Thus, the
assumptions required for the two-sample Student’s T-test to be used are
met.

The statistical independence quantified by the Ljung–Box test show
that neither the accuracy of the uncorrected WSE time series, nor the
correction improvement do not show any spatial dependencies. The
lack of dependency is also apparent from Fig. 7. Interestingly, the only
VS with a decrease in accuracy (VS 13659) is the most downstream
located site. On the other hand, the two VS located in the vicinity
of this VS are characterized by an increase of accuracy greater than
30%. Fig. 7 shows that the improvement in the accuracy after applying
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Table 3
Improvement of altimetry-based water levels accuracy obtained by eliminating the ground track shift bias.

vs Approach 1a Approach 2b No correction (3) Difference (RMSE [cm]) Difference (%)

RMSE [cm] RMSE [cm] RMSE [cm] 1 vs. 3 2 vs. 3 1 vs. 2 1 vs. 3 2 vs. 3 1 vs. 2

13659 16.88 17.03 16.50 0.37 0.52 −0.15 2.26 3.17 −0.88
13660 9.14 9.17 19.55 −10.41 −10.38 −0.03 −53.23 −53.08 −0.31
13661 11.22 11.27 17.41 −6.19 −6.14 −0.05 −35.54 −35.27 −0.42
18752 13.76 13.74 14.48 −0.72 −0.75 0.02 −4.99 −5.15 0.17
18753 20.03 19.72 33.16 −13.13 −13.43 0.31 −39.59 −40.51 1.56
18754 11.53 11.43 18.01 −6.48 −6.58 0.10 −35.98 −36.54 0.88
19763 14.67 14.64 18.82 −4.16 −4.19 0.03 −22.09 −22.24 0.20
23404 26.00 26.00 29.83 −3.83 −3.83 0.00 −12.83 −12.83 −0.01
23405 16.76 16.72 23.23 −6.47 −6.51 0.04 −27.84 −28.02 0.25
23406 14.88 14.96 20.68 −5.79 −5.71 −0.08 −28.03 −27.62 −0.55
23407 17.20 17.14 22.99 −5.79 −5.85 0.05 −25.20 −25.43 0.32
23408 30.63 30.57 34.35 −3.71 −3.78 0.06 −10.81 −11.00 0.21
23409 16.21 16.27 21.88 −5.66 −5.61 −0.06 −25.90 −25.62 −0.36
23410 20.74 20.12 28.41 −7.68 −8.30 0.62 −27.02 −29.20 3.07
38366 13.40 12.64 14.17 −0.77 −1.53 0.76 −5.44 −10.81 6.02
38367 10.86 10.82 20.61 −9.75 −9.79 0.04 −47.28 −47.48 0.38

MEAN 16.49 16.39 22.13 −5.64 −5.74 0.10 −25.46 −25.94 0.64

aWater level time series corrected using the gauge-based slope.
bWater level time series corrected using the VS-based slope.
Fig. 7. Accuracy of corrected and uncorrected altimetry water levels.
11
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Table 4
𝑃 -values of statistical tests used to infer on the difference between averages of RMSE of water level determination.

Corrected data (approach 1) Uncorrected data Corrected data (approach 2)
𝑝-value 𝑝-value 𝑝-value

Independence within each data set (null hypothesis: independence)
Ljung–Box test 0.8216 0.4313 0.7877
Normality of each data set (null hypothesis: normality)
Shapiro–Wilk test 0.0982 0.1357 0.0822
Equality of variances of two data sets (null hypothesis: equal variances)
F-test 0.7112 0.7022
Equality of means of two data sets (null hypothesis: equal means)
Welch two-sample T-test 0.0061 0.0054
Fig. 8. Corrected and uncorrected altimetry water levels compared to the daily averages of gauge water levels. The correction is performed with the use of the gauge-based slope.
the approach 1 and approach 2 correction is very similiar. The only
tributary which flows into the Odra River on a section between a VS
and an in situ station is the Barycz river. The two VS located on this
section are VS 18754 and VS 23409, but despite this tributary, WSE
time series from both VS correspond well with the WSE time series from
the Głogów gauge.

Due to the correction of the river altimetry slope bias, the corrected
WSE anomalies from almost all VS correspond better to the water
level anomalies from the neighbouring gauges than the uncorrected
WSE. The correspondence with daily averages of gauge water levels
is presented in Fig. 8. As example, we present data from two VS: one
VS of the Sentinel-3A (Fig. 8a), and one VS of the Sentinel-3B satellite
(Fig. 8b). Although in some cases the correction increases the difference
between altimetry and gauge data, in most cases the correction moves
the water levels closer to the gauge values. Considering the presented
graphs, the correction improves the accuracy both during low and high
water periods. All graphs showing the corrected (in the approach 1)
heights, uncorrected heights, and daily averages of gauge water level
anomalies are presented in the supplementary material (Fig. S1).

6. Discussion

Determination of the river slope is a key point in the proposed
river altimetry slope bias correction. Since for the studied river sec-
tion the accurate gauge readings are referenced to a common vertical
datum (Kronsztadt’86), it was possible to calculate the river slope at
12

each section for every time of the satellite observation. However, this
approach cannot be applied for numerous rivers with missing in situ
measurements. Therefore, it is essential to propose an alternative for
the river slope calculation. This problem can be solved by calculating
river gradients using altimetry measurements that cover most of the
globe and are publicly available. Further, this approach proved its
accuracy in numerous studies (e.g. Garambois et al., 2017; Schneider
et al., 2018; Villadsen et al., 2015). In our study, we calculated one
slope value for each river section, which was based on the difference
between mean height values of the VS. The same approach was applied
by Tourian et al. (2016). Also Santos da Silva et al. (2010) used this
method, however, only on crossovers of two satellite ground tracks.
Since satellites pass over the virtual stations on different days, we
decided to calculate the river slope on a basis of VS with measurements
maximally 4 days apart. We choose this threshold because this is
the time difference between two neighbouring (either ascending or
descending) passes of a satellite (Sentinel-3A or Sentinel-3B). On the
contrary, Hall et al. (2012) compared VS with measurements maximally
two days apart, and O’Loughlin et al. (2013) – maximally one day apart.
However, these authors used data from different altimetric missions.

The slope values of river sections of the middle Odra River obtained
in the VS-based approach agree well with mean slopes calculated with
the gauge readings. The maximum difference between the mean slopes
for a given VS is of 0.02 m/km. It is also worth noting, that the mean
gradient ranges (0.26–0.29 and 0.26–0.28 m/km for the gauge-based
and VS-based approaches, respectively) agree with the slope range of
the middle Odra River (0.19–0.28 m/km) presented by Dubicki et al.

(2005). An evaluation of the VS-based approach for the river slope
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calculation was also performed by Bjerklie et al. (2018) who used
Jason-2 altimetry over the Yukon River. The authors estimated the
slope separately for each satellite measurement time. To verify the
obtained gradients, the authors compared them with slopes calculated
with the use of laser altimetry from the ICESat mission as well as with
values presented in the literature. Both comparisons confirmed the high
accuracy of this approach. Although these approaches show promising
results, it is to be mentioned that the slope values refer sometimes
to river sections with length of several dozens of kilometres. In our
study, the longest section was of 86.36 km. The longer the section is,
the greater the generalization of the obtained slope becomes. Also,
this approach would not be applicable on river sections with dams or
waterfalls as the slope is not constant along these sections.

The WSE values at VS of the Sentinel-3 satellites on the middle Odra
River, calculated with the modified DAHITI approach, are characterized
by high accuracy. The mean RMSE of VS water level anomalies com-
pared with anomalies from the neighbouring gauges is of 22 cm, which
is comparable with the mean RMSE for the corresponding VS from the
Hydroweb database, which were studied by Halicki and Niedzielski
(2022). Comparing 9 VS of the Sentinel-3A satellite considered in both
studies, the mean RMSE is of 22 cm and 20 cm for the DAHITI and
Hydroweb water levels, respectively. Both results show the high quality
of Sentinel-3 data, and they are comparable to other studies which
assessed the Sentinel-3 accuracy over rivers (see Table 5 in the paper
by Halicki and Niedzielski (2022)).

To the best of our knowledge, the only two studies to apply a
correction of the river altimetry slope bias are the works of Boergens
et al. (2016) and Santos da Silva et al. (2010). Both authors describe
the improvement in accuracy to be of several centimetres in the mean
RMSE. Although this is a value comparable with the mean improvement
obtained in our work (5.64 cm and 5.74 cm for the approach 1 and ap-
proach 2, respectively), there are several differences which have to be
mentioned. First of all, both authors used a priori data for the river slope
borrowed from literature, therefore their approaches are not applicable
along ungauged rivers. Further, these studies used ENVISAT and ERS-
2 altimeters operating in the LRM mode, which are characterized by a
significantly larger footprint than the Sentinel-3 altimeter (operating in
SAR mode). Therefore, the accuracy of water levels estimated by these
altimeters vary significantly: both Boergens et al. (2016) and Santos
da Silva et al. (2010) obtained RMSE values ranging from decimetres
up to several metres. Therefore, an improvement in the accuracy of a
few centimetres did not seem as a key correction. On contrary, due
to the development of the SAR altimeters and the open-loop mode,
the accuracy of the Sentinel-3 river altimetry can be of 20–40 cm in
RMSE (e.g. Bogning et al., 2018; Halicki and Niedzielski, 2022; Kittel
et al., 2021; Zaidi et al., 2021). Therefore, in our study, the correction
by more than 5 centimetres represents more than 25% of RMSE, and
for some of the VS, the improvement was about 50%.

The research in this study was carried out on the middle Odra
River, with slopes varying from 0.24 m/km to 0.30 m/km. The proposed
correction strongly depends on this value, so it will certainly be smaller
on rivers characterized by a more gentle gradient. For example, the
slope of most of the Amazon River is only of 0.01–0.04 m/km (e.g.
Birkett et al., 2002). However, there are many stretches of rivers that
are wide enough to be monitored by satellites, but also located in
mountainous areas. It is in these rivers that, first of all, the correction
suggested in this study should be applied, as the slope of these rivers
is much greater, which increases the river altimetry slope bias.

The occurrence of the river altimetry slope bias is clearly visible
in Fig. 9a. Taking into account all of the altimetric measurements,
the bias clearly correlates with the distance from a measurement to
the reference position. The Pearson correlation coefficient between the
biases (before correction) and the distances from the reference position
is of 0.65, which is a strong and statistically significant correlation
(at the significance level of 0.05). After applying the gauge-based
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correction, the biases are deprived of a clear trend (Fig. 9b), and
they do not correlate to the distance from the reference position —
the Pearson correlation coefficient is weak and equal to −0.16. The
occurrence of the river altimetry slope bias is also confirmed by the
slope of the regression line presented in Fig. 9a. For the uncorrected
data, the slope is of 0.218 m/km. After applying the correction, the
slope of the regression line is reduced to −0.041 m/km. This can suggest
even a slight overcorrection of the river altimetry slope bias. However,
this bias is not the only source of the altimetry error, therefore no in-
ference should be made on a basis of such small correlation coefficient
(−0.16) and the associated slope of the regression line (−0.041 m/km).
In conclusion, since both approaches proposed in this study showed
a very similiar performance, it can be stated that both allow for the
elimination of the river altimetry slope bias.

7. Conclusions

Due to orbit perturbations, satellite ground tracks do never perfectly
superimpose. Since rivers are inclined water bodies, a non-exact loca-
tion of water level measurements might lead to certain bias. In previous
altimetry missions, the bias was often overlooked because there were
factors that contributed to the measurement budget error on a much
larger scale. The Sentinel-3 satellites are equipped with the SAR Radar
Altimeter and operate in the open-loop mode. Therefore, they provide
water level elevations of rivers, the accuracy of which is in the order
of decimetres. In this study, we aimed to assess the contribution of
the river altimetry slope bias to the overall altimetry measurement
error budget, as well as to propose a fully automated approach that
allows to calculate corrections based only on satellite data. We studied
water levels from 16 VS of the Sentinel-3 satellites, located on the
middle Odra River and calculated in the modified DAHITI approach.
The accuracy was determined by comparing the water level anoma-
lies from the VS with anomalies from the neighbouring gauges. The
contribution to the overall error budget was estimated using in situ
measurements, which allowed for an individual slope determination for
each satellite measurement. The second approach was based on river
gradients estimated on a basis of the mean heights of VS. The following
conclusions can be drawn:

• RMSE of the uncorrected water level anomalies are characterized
by a mean value of 22 cm, ranging from 14 cm to 34 cm.

• The river slope calculation with the use of satellite data provided
accurate values, almost identical to those calculated with the in
situ data.

• The correction with the gauge-based slope allowed for a mean
reduction in RMSE by 5.64 cm, which is an improvement of about
25%.

• The correction with the VS-based slope performed very similarly,
reducing RMSE by 5.74 cm.

• The decrease in RMSE for the 16 VS is statistically significant for
both approaches.

• Only on one VS the correction resulted in a slight decrease of
accuracy (less than 1 cm). In the remaining stations the im-
provement ranged from 0.7 cm to 13.4 cm, which stands for a
percentage from 4.99% to 53.23%.

The findings of this study confirm that applying the correction of
the river altimetry slope bias can lead to a significant improvement in
accuracy. This correction is suggested especially for: (1) altimetry ob-
servations carried out in the SAR mode, since they are characterized by
a small along-track resolution and high accuracy, and for (2) altimetry
observations over mountainous rivers where the measurement biases
should be greater, due to the higher river gradients. However, it has
to be mentioned that the proposed approach is only applicable to river
sections without dams or waterfalls, since they disallow a proper river
slope determination. The problem in question might soon be resolved
with the launch of the Surface Water and Ocean Topography (SWOT)
mission. Thanks to the wide-swath technology, the mission is planned
to provide accurate river slope values, which could serve the purpose

of the correction of the river altimetry slope bias.
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Fig. 9. Water level anomaly biases for the uncorrected (a) and corrected (b) measurements of the 16 investigated neighbouring virtual stations with the distances between the
measurement locations and the reference positions.. The corrected biases were obtained using the gauge-based slope.
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