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ABSTRACT 

The river discharge estimation has a significant role in the water resources management, in the 

design of hydraulic structures and in the evaluation of the hydraulic risk. Despite its importance, 

ground hydro-meteorological monitoring networks are often missing or inadequate in many parts of 

the world. Remote sensing, especially satellite sensors, has a great potential in offering new ways to 

monitor river discharge, but the inverse relationship characterizing their spatial and temporal 

resolutions, often does not guarantee temporally frequent and spatially dense products. To 

overcome this drawback, the interest should be moved to the joint use different satellite sensors to 

improve the spatial and temporal resolution of river discharge estimates. Currently, a number of 

satellite sensors can be used for obtaining river discharge information starting from radar altimetry 

to multi-spectral imagery in the near-infrared and thermal electromagnetic spectrum.  

In this project, satellite altimetry data will be used to construct a dataset of consistent, continuous 

and up-to-date daily discharge estimates for different sites across the world. Satellite-derived water 

levels will be coupled with river discharge data available over overlapping time spans to estimate 

empirical rating curves. Once validated, the rating curves will be used to fill and extend discharge 

data over the whole period of availability of altimetry water level observations. The long continuous 

discharge time series so obtained will be used to perform a trend analysis on extreme flood and 
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drought events allowing to highlight regions of the world facing hydrological risks.  

The novelty of this procedure lies in the exploitation of the global coverage and regular temporal 

sampling of radar altimetry observations for river discharge estimation. Indeed, despite the 

altimeters were designed for ocean and ice-covered areas monitoring, more than a decade of 

research on the application of radar altimetry has demonstrated its advantages also for monitoring 

inland water. 

1. INTRODUCTION 

Being able to observe continuously and accurately river discharge in the land is of major 

importance because it is one of the most important variables of the hydrological cycle and its 

estimation is fundamental in many fields, from climate change impact assessment (Camici et al., 

2014; 2017) to water resources management (Kundzewicz et al., 2008), from flood forecasting 

(Masseroni et al., 2017) to drought monitoring (Wanders et al., 2014). In all these hydrological 

areas, river discharge is usually obtained from traditional monitoring networks, that quantify the 

instantaneous water volume in the main river channels, through the measurements of the hydraulic 

variables. Indeed, the river discharge is not a direct measurement and its estimation is a function of 

water level, river flow velocity and cross section geometry. The traditional ground-based 

monitoring network are expensive to install and maintenance and requires considerable effort to 

produce reliable measurements. In situ sensors provide little information about the spatial dynamics 

of surface water extent, such as floodplain flows and the dynamics of wetlands. Moreover, the 

growing reduction of hydrometric monitoring networks over the world (Vörösmarty et al. 2001, 

Sneeuw et al. 2014), along with the inaccessibility of many remote areas and the difficulties for data 

sharing among developing countries (Biancamaria et al., 2011) feed the need to develop new 

procedures for river discharge estimation based on remote sensing technology. The major challenge 
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is the development of new methodologies and/or new way to monitor river for improving the actual 

conditions of river discharge monitoring on regional and global scales. 

The most direct method of deriving such information on a global scale would seemingly involve 

satellite earth observation. Over the last decade, the possibility to obtain river discharge estimates 

from the monitoring of the hydraulic variables through satellite sensors has reached considerable 

interest (Smith, 1997; Alsdorf et al. 2007). The most common technique is the radar altimetry, that 

provides water level measurements as a function of the two-way return time of a radar pulse emitted 

from the satellite and backscattered by the liquid surface. Originally designed for ocean and ice-

covered areas monitoring, more than a decade of research on the application of radar altimetry has 

demonstrated its advantages also for monitoring inland water, providing global coverage and 

regular temporal sampling (Coe and Birkett, 2004; Frappart et al., 2006; Becker et al., 2014). The 

high accuracy of altimetry data provided by the latest spatial missions and the convincing results 

obtained in the previous applications suggest that these data may be employed for 

hydraulic/hydrological applications as well (Birkinshaw et al., 2010; Getirana, 2010; Michailovsky 

et al., 2013; Tarpanelli et al., 2013). The main advantage of radar altimetry lies on its availability on 

a global scale with a high spatial coverage and for a long-time period. Indeed, the altimetry 

missions are available from 1979 and they can provide data for ungauged or poorly gauged 

catchments where sufficiently long discharge time series are missing. Moreover, the inherent 

constrain of the radar altimetry linked to its temporal sampling was recently overcome by the use of 

multi-mission merging approach (Tourian et al., 2016; 2017). The temporal resolution of water 

level time series at the virtual stations, i.e., the intersection point between the river and the satellite 

altimetry track, is ranging from 10 to 35 days for single altimeters. With the recent multi-mission 

approach that allows densifying the information available along the river, from 1 to 3 days of 

resolution is achieved. 
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Altimetry have demonstrated its potential for discharge estimation through the use of approaches 

based on empirical formulas (Negrel et al., 2011), hydraulic models (Domeneghetti et al., 2014), 

assimilation techniques (Michailovsky et al., 2013) and rating curve (Kouraev et al., 2004; Leon et 

al., 2006). Rating curve is a functional law linking the water levels to the river discharges for a 

specific section of the river. The rating curve is strictly related to a specific section of the river 

where data of water level and discharge are available. If the periods of data availability are not the 

same (condition quite common if satellite and ground data are used), other techniques were 

developed that match the probability density function of both the time series (Tourian et al., 2013) 

in order to obtain discharge value from altimetry water level. 

In view of recent dramatic floods and drought events, detection of trends in the frequency and 

magnitude of long time series of flood data is of scientific interest and practical importance. It is 

essential for the planning of future water resources and flood protection systems, where system 

design is traditionally based on the assumption of stationarity in hydrological processes such as 

river stage or discharge. Besides the large interest in this topic, most studies have only analyzed a 

few rivers (e.g., Bacová-Mitková and Halmová, 2014), or at most a region (e.g., Bard et al., 2012) 

or a single country (e.g., Petrow and Merz, 2009), and overall, it is difficult to issue a general 

statement on flood changes across the world due to the diversity of processes, different observation 

periods, and the variety of methods applied for trend detection (Hall et al., 2014). The single 

exception was very recently published by Do et al. (2017) who presented a global-scale assessment 

of trends in the magnitude of annual maximum streamflow for a data set consisting of 1907 long 

series of daily mean flow records (but mainly in USA and Europe). Due to the lack of long 

continuous observed time series, no other studies exist analyzing trend on flood frequency on a 

global scale. Indeed, large-scale flood studies must fill the gaps in measurements with modelled 

river flows, i.e. by using rainfall-runoff models (Rojas et al., 2012; Alfieri et al., 2014; Winsemius 
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et al., 2013) or statistical methods (e.g., Smith et al., 2015), whereas the exploitation of satellite 

observations, and in particular of altimetry data, for this purpose is actually at infancy state. Few 

examples are available for Orinoco (Leon et al., 2011), Gange-Brahmaputra (Papa et al., 2012), 

Amazon (Zakharova et al. 2006), Ob (Kouraev et al., 2004) rivers and regard the use of rating curve 

to derive river discharge by the altimetry.  

Nowadays, no studies addressed the statistical analyses of long time series of altimetry derived-

river discharge with the purpose of detect trends on extreme events. Compared with the large 

amount of studies focused on oceanographic field for the evaluation of the global mean sea level 

trends (Ablain et al., 2009), the number of available analyses on the inland water is considerably 

reduced and it is mainly dedicated to the continuous monitoring of lakes and inland seas (e.g. Tan et 

al., 2017). Specifically, links between lake evolution and local climate cycle on seasonal to 

interannual timescales were investigated for large lakes by Cretaux et al. (2006), that explored also 

water storage balance for water management in arid and semi-arid regions. On the other hand, 20 

years of altimetry data are used by Hwang et al. (2016) to derive lake levels in 23 lakes in Qinghai-

Tibet Plateau. In the study, most lake levels show clear annual and inter-annual oscillations, with 

lake level trends associated to the 1997-1998 El Niño and long-term precipitation trends. 

In this project the long and daily water level time series from satellite altimetry will be converted in 

river discharge through the use of rating curves. The obtained river discharge time series will be 

employed for estimating the occurrence of high and low flow conditions in order to investigate 

extreme events (i.e., floods and droughts). The analysis on the frequency and magnitude of these 

events for many stations at global scale will help to support the activities devoted to the 

hydrological risks and the water resources management. Indeed, even small changes in water 

availability could compromise the economy, the society and the environment of a country. 

Therefore, dealing with this aspect is fundamental and the integration of traditional system with the 
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new monitoring source represented by the satellites seems to be the most convenient and feasible 

approach. Because of the incompleteness and the lack of in situ river discharge, the project aims to 

exploit the use of water level derived by satellite altimetry to supply and fill the discharge time 

series for many site across the world. 

The main objectives of the project are: 

• the collection and the organization of discharge and satellite altimetry data for the longest 

available observation period (1990-2018, 29 years) for multiple sites across the world; 

• to provide a dataset of consistent, continuous and up-to-date sub-monthly discharge 

estimates for many world’s rivers with a comparable accuracy with respect to other available 

discharge datasets obtained exclusively from in-situ measurement or through rainfall-runoff models.  

The ultimate aspiration of the project is the long term analysis of satellite-derived continuous time 

series of water level and discharge for monitoring hydrological extreme events, i.e. floods and 

droughts, all over the world. For this reason, a trend analysis on the frequency and magnitude of 

extreme flood and drought events will be carried out allowing to highlight regions of the world 

facing hydrological risks. 

2. MATERIALS 

3. Satellite datasets 

Radar altimetry measures the distance, or range, between satellite orbit and the water surface, at 

specific locations, called virtual stations (VSs), where the satellite track intersects the river reach. 

At each virtual station, the distance between the satellite altitude, determined through precise orbit 

computation, and the range provides the measurement of the water level above a reference ellipsoid. 

In order to obtain the height of the water, various corrections have to be added, related to the time 

delay due to the propagation of the pulse through the atmosphere and the ionosphere and a specific 
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retracking algorithm must be applied to model the signal coming from the water. 

Water levels already processed are made available to the user community through databases freely 

available online. Among the different datasets, specifically dedicated to inland water of lakes and 

rivers, we used data processed by Hydroweb (http://www.legos.obs-

mip.fr/soa/hydrologie/hydroweb/) and Theia (http://hydroweb.theia-land.fr/) with a temporal 

resolution consistent with the revisit time of the satellites (10 or 35 days), and HydroSat 

(http://hydrosat.gis.uni-stuttgart.de/php/index.php) and DAHITI (https://dahiti.dgfi.tum.de/en/) that 

provide densified time series at higher temporal resolution (from 3 to 6 days). 

Based on the satellite used in the processing of the water level, the period of availability of the time 

series changes. Specifically, satellite water level time series includes data from Topex/Poseidon 

(09/1992 – 08/2002), ERS-2 (04/1995 – 09/2007), ENVISAT (05/2002 – 10/2010), Jason-1 

(01/2002 – 01/2009), Jason-2 (06/2008 – on going), SARAL/Altika (03/2013 – on going) and the 

recent Sentinel-3A (02/2016 - on going) missions.  

In-situ dataset 

The project is tested over 41 pilot sites over 33 different rivers across the world as illustrated in 

Figure 1 and listed in Table 1. Mean daily discharge values in units of cubic meter per second are 

collected from GRDC data sources of in situ observations. Two more datasets are used for India and 

Italy: the India-WRIS (“Generation of Database & Implementation of Web Enabled Water 

Resources Information System in the Country”, http://www.india-wris.nrsc.gov.in/) and the AIPO 

(Autorità Interregionale del Fiume Po), respectively. 

From the data availability of in-situ and virtual stations, we distinguish between Group 1, consisting 

of rivers with available discharge measurements synchronous with the time period of altimetry (17 

rivers, 42% of the stations), and Group 2, consisting of those without discharge measurement (24 

rivers, 58% of the analyzed stations). 
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Figure 1. Location of GRDC and Virtual Station considered in the analysis, identified as the numbers in 

Table 1.  
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Table 1. Virtual Stations (VS) close to the discharge gauging stations(GS) with their characteristics for rivers. 

ID River Country Name station 
Lat. 

(°) 

Long. 

(°) 

Distance to 

VS (Km) 
 

Obs. period 

GS 

Obs. period 

VS 
Group 

1 Congo CD Kinshasa -4.30 15.30 2.22  1903-2010 2002-2014 1 

2 Congo CD Kindu Indu -2.95 25.92 22.45  1933-1959 2008-2018 2 

3 Orange LS Whitehall 
-

30.06 
28.51 31.87  1980-1990 2008-2015 2 

4 Rufiji TZ Stigler -7.80 37.92 123.95  1954-1978 2008-2015 2 

5 Pangani TZ Korogwe -5.17 38.47 7.31  1959-1977 2008-2015 2 

6 Benue NG Ibi 8.20 9.73 85.40  1970-2002 2002-2016 2 

7 Ganges BD 
Hardinge 

Bridge 
24.08 89.03 235.62  1985-1992 1993-2015 2 

8 Brahmaputra BD Bahadurabad 25.18 89.67 177.82  1985-1992 1993-2015 2 

9 Ob RU Salekhard 66.57 66.53 63.22  1954-2010 2002-2008 2 

10 Maroni GF Langa Tabiki 4.98 -54.43 62.94  1951-1996 2008-2015 2 

11 
Negro (TRIB. 

AMAZONAS) 
BR Serrinha -0.48 -64.83 20.09  1977-2010 2002-2018 1 

12 Rio Uaupes BR Uaracu 0.48 -69.13 26.71  1977-2010 2002-2016 1 

13 Amazonas BR 
Sao Paulo De 

Olivenca 
-3.45 -68.75 -24.04  1973-2010 2008-2015 1 

14 Rio Purus BR Aruma-Jusante -4.73 -62.15 -89.39  1975-2010 2008-2016 1 

15 
Rio Ribeira 

Do Iguape 
BR Iporanga (PCD) 

-

24.59 
-48.59 -9.22  1941-2007 2008-2015 2 

16 Rio Cuiaba BR 
Porto Do 

Alegre 

-

17.62 
-56.97 35.14  1967-2005 2008-2015 

2 

17 

Red River 

(Of the 

North) 

US Halstad, MN 47.35 -96.84 14.63  1961-2017 2008-2015 1 

18 Willamette US Portland, OR 45.52 
-

122.67 
-16.22  1972-2016 2008-2015 1 

19 Columbia US The Dalles, OR 45.61 
-

121.17 
13.48  1878-2016 2008-2015 2 

20 Crab Creek US 
Near Beverly, 

WA 
46.83 

-

119.83 
5.40  1959-2016 2008-2015 2 

21 Elkhorn US Waterloo, NE 41.29 -96.28 0.85  1899-2016 2008-2015 1 

22 Platte US 
Nera Ashland, 

NE 
41.06 -96.32 16.53  1928-2016 2008-2015 2 

23 Altamaha US 
Doctortown, 

GA. 
31.65 -81.83 -1.36  1931-2017 2008-2015 1 

24 

Colorado 

(Pacific 

Ocean) 

US 

Below Yuma 

Main Canal 

WW at Yuma, 

AZ 

32.73 
-

114.63 
265.15  1963-2017 2008-2015 2 

25 

Colorado 

(Pacific 

Ocean) 

MX 

Lindero 

International 

Norte 

32.72 
-

114.72 
265.03  1961-1995 2008-2015 2 

26 

Rio 

Caotzacoalc

os 

MX Las Perlas 17.44 -94.87 0.96  1953-2002 2008-2015 2 
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ID River Country Name 
Lat. 

(°) 

Long. 

(°) 

Distance to 

VS (Km) 
 

Observed 

period 

Obs. period 

VS 
Group 

27 
MIitchell (N. 

AU) 
AU Koolatah 

-

15.95 
142.38 -17.22  1972-2012 2008-2018 2 

28 
MIitchell (N. 

AU) 
AU Dunbar 

-

15.94 
142.37 -16.26  2009-2011 2008-2015 1 

29 Ord AU 
Coolibah 

Pocket 

-

16.13 
128.74 194.81  1955-1971 2008-2015 2 

30 Ord AU Bedford Downs 
-

17.43 
127.60 22.40  1969-2008 2008-2015 2 

31 Ord AU 
Old Ord 

Homestead 

-

17.37 
128.85 122.48  1970-2004 2008-2015 2 

32 Ord AU Tarrara Bar 
-

15.56 
128.69 248.21  1998-2011 2008-2015 2 

33 Roper AU Red Rock 
-

14.70 
134.42 21.47  1966-2011 2008-2015 1 

34 Thames GB Days Weir 51.64 -1.18 1.77  1938-2015 2008-2015 1 

35 Godavari IN Pathagudem 18.82 80.35 23.44  1965-2013 2008-2015 1 

36 Krishna IN Vijayawada 16.56 80.54 0.01  1965-2016 2008-2015 2 

37 Tungabhadra IN Mantralayam 15.94 77.46 0.04  1972-2016 2008-2015 2 

38 Wainganga IN Ashti 19.59 79.80 -0.05  1965-2017 2008-2015 1 

39 Po IT Piacenza 45.06 9.70 0.31  1995-2016 1992-2015 1 

40 Po IT Sermide 45.06 9.70 0.29  1995-2016 1992-2015 1 

41 Po IT Pontelagoscuro 44.89 11.61 0.20  1995-2016 1992-2014 1 

4. METHOD 

3.1. Statistical rating curve 

The conventional approach commonly used to construct rating curves exploits simultaneous water 

level and discharge measurements on which a smooth (rating) curve, for example, a quadratic 

curve, is fitted (e.g. Papa et al.,2010). The rating curves obtained in this way are defined as 

“empirical rating curve”. One of the major problems to derive discharge from altimetric water level 

is the availability of discharge data within altimetry time period. This issue motivated Tourian et al., 

(2013) to model statistical rating curves, i.e. statistical relationship between asynchronous 

measurements of discharge and water level. Specifically, Tourian at al., (2013) demonstrated that if 

water level and discharge are highly dependent, the function to derive discharge from water level is 
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a nondecreasing function and this characteristic justifies a statistical approach, based on quantile 

function mapping.  

The quantile function, denoted by Q(p), provides a way of describing the statistical distribution of a 

data set (Gilchrist, 2000). The quantile functions for data sets of altimetric water level, QW(p), and 

discharge from in situ measurements, QR(p), are  

QR(p)= inf {XR ∈ R: p ≤ F (XR)}          (1) 

QW(p)= inf {XW ∈ R: p ≤ F(XW)}         (2) 

where XR and XW refer to the discharge and water level values and F(·) represents the CDF. The 

quantile function specifies, for a given probability 0< p <1, the maximum value that XR or XW can 

attain with that probability. In order to derive discharge from satellite altimetry, we should model a 

function T(·):  

XR=T(XW)            (3) 

As Tourian at al., (2013) have demonstrated that the function T (·) is a nondecreasing function, the 

Q-transformation rule (Gilchrist, 2000) holds since a nondecreasing function T(·) of a 

nondecreasing function (quantile function) must itself be nondecreasing. Therefore, we propose to 

achieve the functional relationship between water level and discharge, T(·), by means of their 

quantile functions instead of the data itself:  

QR=T(QW)             (4) 

In other words, since the time coordinate is not involved explicitly, the requirement of synchronous 

data sets is eliminated. To obtain the quantile functions of water level and discharge empirically, 

both the values of water level and the measured discharge are sorted ascendingly. The rank of each 

data set is normalized: 

�� �
��

���
            (5) 
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where ki is the rank of the sorted values, N is the number of measurements, and pi is the probability 

of water level or discharge data. The sorted values of water level and discharge measurements 

versus their corresponding probability form the empirical quantile function cf. Figure 2 (middle).  

 

Figure 2. Estimated water level from satellite altimetry and available discharge (left) are transferred 

to the quantile functions (middle). From the corresponding probabilities, the scatter plot of 

discharge versus water level is constructed. A smoothened rating curve is then obtained by fitting a 

quadratic line to the scatter (right). Note the dissimilar time axes of the two data sets (left). 

 

The quantile function particularly provides information on the probability that a particular flow or 

water level was exceeded over the available period. This can also be viewed as the complement of 

the CDF of the considered discharge or water level variations. Therefore, a direct connection 

between the quantile functions at the corresponding probability represents a relationship between 

discharge and water level, which can be referred to as a statistical relationship. In this study, the 
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simple quadratic estimation is used for modeling the rating curve. Thus, the statistical rating curve 

is achieved by fitting a quadratic curve over the obtained statistical relationship. Figure 2 shows the 

empirical quantile functions for water level and discharge and the resulting statistical discharge-

water level relationship that leads to a statistical rating curve for the virtual station by fitting a 

quadratic curve. In fact, the rating curve is constructed here by eliminating the p coordinates, 

whereas conventionally t coordinate (time) is eliminated. Differently from Tourian et al., (2013) 

that applied the procedure to reconstruct monthly discharge time series, the added value of this 

study is to explore the possibility to reconstruct sub-monthy up to daily discharge time series 

(according the availability of altimetry time series) and analyze the climatic trend to the 

reconstructed time series. 

3.2. Trend analysis 

Annual maximum discharge and peak-over threshold (POT) values are extracted from the 

reconstructed daily discharge time series as proxy variables of flood events. In particular, a POT 

series is composed of the N largest floods events greater than a daily threshold for which events are 

considered to be independent floods. In this analysis, the threshold will be set equal to 98.5 

percentile and, in order to ensure the independency of events, only one event within 2 consecutive 

days will be extracted. These criteria will allow to construct POT series with an average of three 

independent exceedances per years. 

For flood events, a trend analysis will be carried out to identify changes in the frequency and 

magnitude of extreme events. Concerning the analysis on trend magnitude, at first the Mann-

Kendall (M-K) test will be applied to identify whether the time series changes or does not change 

over time. To determine the magnitude of change, a linear regression model between time and the 

flood magnitude will be fitted. The slope of each model will indicate the magnitude of change. To 

analyze trend on the frequency of extreme events, the Poisson regression will be applied to the time 
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series to ascertain whether or not there are trends in the number of extreme events. 

5. RESULTS 

In the following the main outcomes of the project will be presented. At first, the comparison 

between observed and altimetry water level time series is carried out for the stations for which 

observations from gauging station are available. Then, empirical rating curves are validated for 

river of the group 1 and used to reconstruct discharge data for rivers of group 2. Finally, a trend 

analysis on magnitude and frequency of extreme discharge data is presented.  

4.1. Comparison of observed and altimetry water level 

Before to use altimetry data to construct rating curves, a comparison of water levels obtained by 

gauging station and satellite altimetry is carried out. Water level time series from gauges have a 

high relative accuracy, but some points must be kept in mind in the use of in situ data. The absolute 

comparison of heights from gauges and satellite altimetry is often very difficult since location, 

reference height and vertical datum of gauges are not always precisely known or may even be 

unknown. This leads to height offsets between water level time series from gauge and altimetry. In 

particular, the comparison between water levels from altimetry and in situ data over rivers shows in 

most cases remaining offsets. In general, almost no altimeter satellite track crosses the river at the 

location of a gauging station, which leads to additional offsets because of the river slope. To avoid 

handling the uncertainties of in situ data, only relative comparisons with water level time series 

from altimetry are performed (Schwatke et al., 2015).  

The results in terms of Pearson’s correlation (R) and relative root mean square error (RRMSE) with 

respect to the range of levels (max - min.) are summarized in Table 2 for all the stations for which 

observed water level data are available. For sake of example, the comparison is illustrated in Figure 

3 for Po, Wainganga and Godavari rivers. As it can be noted also looking at the Table 2, the 
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altimetry time series show good consistency with in situ observations: correlation is higher than 0.6 

for all the rivers except for the smaller ones, Wainganga and Tungabhadra.  

 

Figure 3. Comparison of water levels observed at the gauging station and virtual station for three 

case studies. 

This a general issue regarding altimetry measures for small rivers as almost no nadir measurements 

may occur, and even these can originate from river branches and distort the water level time series 

from the investigated target. Moreover, the river slope can influence the time series, as well as the 

comparison with in situ data. The crossings between river and altimeter track can vary slightly (up 
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to 1 km) because of orbit instabilities so that the reflections originate from different areas which do 

not exhibit the same water level.  

Table 2. Virtual Stations (VS) close to the discharge gauging stations with their characteristics for 

rivers. 

ID River Pearson correlation RRMSE (%) 

35 Godavari 0.74 18.00 

37 Tungabhadra @ Mantralayam 0.36 50.60 

38 Wainganga @ Ashti 0.46 28.98 

39 Po @Sermide 0.60 24.28 

40 Po @ Piacenza 0.65 17.55 

41 Po @ Pontelagoscuro 0.76 24.74 

 

4.2. Comparison between empirical and statistical rating curve 

Before extrapolating rating curves, the dependency of water level and discharge for rivers of Group 

1 need to be investigated. Dependence of two sets is quantified here by Pearson’s correlation 

(standard correlation) and rank correlation over those rivers with simultaneous data sets. In general, 

the correlation of two sets reveals linear dependency and the rank correlation measures the extent of 

monotonic relationship. Table 3 shows the estimated Pearson’s and rank correlations between the 

altimetric water level and daily discharge for rivers in group 1. All the altimetric water level time 

series show high Pearson’s and rank correlations with measured discharge. In general, the 

correlation values in Table 3 express the highly monotonic dependency between the data sets, 

which was expected physically. In fact, the monotonic relation between water level and discharge 

with positive rank correlation indicates that the function to derive discharge from water level is a 

nondecreasing function. This characteristic justifies a statistical approach, based on quantile 

function mapping. 
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Table 3. Pearson’s Correlation and Rank Correlation Coefficient of Simultaneous Measurements of 

daily Discharge With Altimetric Water Level for Rivers in Group 1. 

ID River 
Pearson 

correlation 

Rank 

correlation 

RRMSE 

empirical RC 

(%) 

RRMSE 

statistical RC 

(%) 

1 Congo 0.92 0.90 6.03 6.16 

11 
Negro (TRIB. 

AMAZONAS) 
0.85 0.85 4.35 4.44 

12 Rio Uaupes 0.67 0.57 5.36 5.41 

13 Amazonas 0.94 0.95 7.78 7.88 

14 Rio Purus 0.89 0.87 10.28 10.50 

17 Red River (Of the North) 0.84 0.83 24.85 29.55 

18 Willamette 0.79 0.61 11.43 15.26 

21 Elkhorn 0.65 0.76 3.42 3.63 

23 Altamaha 0.75 0.90 5.22 6.07 

28 MIitchell (N. AU) 0.80 0.81 13.76 13.73 

33 Roper 0.49 0.29 11.48 10.48 

34 Thames 0.73 0.57 16.36 22.36 

35 Godavari 0.67 0.74 4.47 4.35 

38 Wainganga 0.83 0.82 7.43 7.75 

39 Po 0.58 0.64 4.10 4.28 

40 Po 0.72 0.68 3.26 3.53 

41 Po 0.70 0.66 3.44 3.64 

 

The comparison between the empirical and statistical rating curve is shown in Figure 4 (left 

column) for four rivers in group 1. Inspecting the figure, it can be noted that both methods lead to 

very similar rating curves for the virtual stations of the Congo and Altamaha rivers. On the other 

hand, the empirical and statistical rating curves are not consistent with each other for the virtual 

station of Willamette and Elkhorn Rivers. The nonsimilarity for these two rivers can be explained 

by the difference of quantile functions of discharge data consisting of discharge values at the time 

of altimetry and quantile function of whole available discharge data. 
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Figure 4. Comparison of empirical and statistical rating curves for river of the Group 1. 
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For group 1, the estimated discharge can be compared with available measured discharge to address 

the error budget of estimation or goodness of modeling. However, this would not thoroughly verify 

the method as the measured discharge is also used for modeling the rating curve. Looking at the 

right column of Figure 4 it can be noted that the estimated discharge using statistical rating curves 

shows a good agreement with measured discharge for Congo and Altamaha rivers, whereas some 

unexpected fluctuations can be noted for the other two rivers.  

The discharge time series reconstructed through the statistical rating curves for each rivers of the 

Group 1 are illustrated in Figure 5 where a satisfactory agreement between observed and estimated 

data can be noted. 

 

Figure 5. Comparison of observed and estimated discharge time series (from empirical rating 

curves) for river of the Group 1. 
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To provide information about the error of estimation, the relative root mean square error (RRMSE) 

with respect to the range of discharge (max.-min.) is evaluated and the related values are listed in 

Table 3. By exploiting empirical rating curve, the error budgets range from 3.26 to 24.85% the for 

the group 1 rivers. A comparable range of RRMSE values is obtained by using the statistical 

approach. This outcome encourages the use of quantile functions of data instead of data itself.  

4.3. Reconstruction of discharge time series for group 2 rivers 

For rivers of Group 2, statistical rating curves are constructed by using the asynchronous discharge 

and water level data available for the entire observation periods, respectively. Results in terms of 

discharge are illustrated in Figure 6. 

 

Figure 6. Reconstruction of daily discharge data for rivers of the Group 2. 
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Obviously, the number of discharge data that can be reconstructed is limited to the revisit time of 

the satellite. It ranges from 10 or 35 days, depending on the satellite mission. For some rivers, as 

Benue, Ganges, Brahmaputra, Uapes, Rio Riberia altimetry water level time series allow to extend 

discharge time series up to the end of the 2016 whereas for the other ones, long period of missing 

observed data can be noted and the altimetry water level allow to reconstruct only the more recent 

period (2009-2015). In particular, looking at Figure 5 and Figure 6 it can be noted that the altimetry 

water level time series can be useful exploited to reconstruct discharge time series over large rivers 

(e.g., Congo, Negro, Amazonas, Benue, Ganges, Brahmaputra) where the advantages of using 

satellite water levels are noticeable. Conversely, poor results are obtained for small rivers as Po.  

4.4. Trend analysis 

For the rivers for which discharge data are available for the period 1990-2015, annual maximum 

discharge (AMD) are extracted for each year and trend analysis are carried out. Results are 

illustrated in Figure 7 for 8 of the 22 rivers for which are available discharge observation in the 

1990-2015 period. Estimated Sen’slope and pvalues for all the 22 rivers are listed in Table 4. As it 

can be noted, except for the Ganges, Amazonas, Rio riberira and Altamaha rivers, no statistically 

significant trend is found in the analysed cases study in the recent period. On overall, these 

conclusions are in line with the ones available in literature. For instance, Alkama et al., (2013) 

found no trend on observed discharge across the world for the period 1958-2004. The increasing 

trend on annual maximum discharges of Gange is well documented in literature (Gain et al., 2014) 

as the effect of the “Farakka Dam”. Similarly, for Ob river, the results found in this project are in 

agreement with the ones by Yang et a. (2004) that, analysing long-term (1936–90) streamflow 

records for the major subbasins within the Ob River watershed, found only a weak increase in 

annual flow. 
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Concerning the frequency of extreme events, no trend is found if the frequency of peak over 

threshold values (POT98.5, Table 4) is analysed. In particular, in this latter case only three stations 

show a trend with a decreasing frequency of extreme events. 

 

 

Figure 7. Trend analysis of annual maximum discharges for some case studies in the period 1990-

2015. Triangles identify the annual maximum discharge values.  
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Table 4. Sen’slope and pvalue estimation for the annual maximum discharges for each station. 

Colored text highlights stations with a statistically significant positive (blue lines) or negative (red 

lines) trend (pvalues<0.05).  

ID River 

AMD 
FREQ. POT 98.5 

Sen slope coeff pvalue 
Sen slope 

coeff 
pvalue 

1 Congo @ Kinshasa -0.55 0.255 -0.07 0.097 

6 Benue @ Ibi 0.06 0.698 -- -- 

7 Ganges @ Hardinge Bridge 2.14 0.033 --  

8 Brahmaputra @ Bahadurabad 0.72 0.448 -- -- 

9 Ob @ Salekhard 0.14 0.658 -- -- 

11 
Negro (TRIB. Amazonas) @ 

Serrinha 
0.00 0.979 -0.07 0.648 

12 Rio Uaupes @ Uaracu 0.05 0.309 -0.69 0.327 

13 
Amazonas @ Sao Paulo De 

Olivenca 
1.20 0.044 -0.69 0.327 

15 
Rio riberira do Iguape @ 

Iporanga 
-0.18 0.012 -0.08 0.060 

16 Rio Cuiaba @ Porto Do Alegre 0.00 0.993 -0.58 0.009 

17 
Red river (of the North) @ 

Halstad, 
0.05 0.199 -0.06 0.123 

18 Willamette river @ Portland, OR -0.11 0.452 -0.03 0.308 

21 Elkhorn river @ Waterloo, NE -0.03 0.210 -0.03 0.674 

23 
Altamaha river @ Doctortown, 

GA 
-0.13 0.021 0.14 0.171 

27 
Mitchell river (N. AU) @ 

Koolatah 
-0.07 0.808 -0.10 0.000 

28 Mitchell river (N. AU) @ Dunbar 0.19 0.247 -0.17 0.032 

33 Roper river @ Red Rock 0.03 0.730 0.06 0.213 

34 Thames @ Days Weir 0.00 0.295 0.00 0.935 

38 Wainganga @ Ashti 0.00 0.877 0.02 0.240 

39 Po @Sermide 0.00 0.980 -0.09 0.000 

40 Po @ Piacenza 0.06 0.780 -0.03 0.065 

41 Po @ Pontelagoscuro 0.00 1.000 -0.01 0.520 
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6. CONCLUSIONS 

In this project, for the first time satellite altimetry has been used to construct a dataset of consistent, 

continuous and up-to-date daily discharge estimates for different sites across the world. Satellite-

derived water levels, coupled with river discharge data available over overlapping time spans 

allowed to estimate empirical rating curves. Once validated, the rating curves have been used to fill 

and extend discharge data over the whole period of availability of altimetry water level 

observations. The long continuous discharge time series so obtained have been used to perform a 

trend analysis on extreme flood events. The main outcomes are summarized in the following:  

1. statistical rating curves, validate on sites with overlapping time spans (several years) of 

discharge and water level time series, are very similar to the ones derived by the classical 

approach;  

2. satellite altimetry data are quite accurate for larger rivers whereas the accuracy decrease by 

considering smaller rivers. Consequently, altimetry water level time series can be useful 

exploited to reconstruct discharge time series over large rivers (e.g., Congo, Negro, 

Amazonas, Benue, Ganges, Brahmaputra) where the advantages of using satellite water 

levels are noticeable; 

3. no clear change in the recent period is noticeable from the trend analysis on magnitude and 

frequency of extreme discharge time series. 

On overall, beyond the specific outcomes of the project, the novelty of this procedure lies in the 

exploitation of the global coverage and regular temporal sampling of radar altimetry observations 

for river discharge estimation. This new discharge product will be highly relevant for all the sites 

where the traditional monitoring is dismissed and in particular for developing countries in which 

flood/drought risk and water management issues are more relevant. Future efforts will be made to 

improve the satellite-based water level and discharge dataset, collecting a larger number of sites 
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across the world.  
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