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Abstract 

The Euphrates River extends for approximately 2,700 km, making it the longest river in Southwest Asia. Reliable water 

level measurements are obtained through the integration of an advanced outlier rejection system with Kalman filter 

technology. This study employs water level data from the Database for Hydrological Time Series over Inland Waters 

(DAHITI) and validates them using in situ measurements collected from gauging stations along the Euphrates River. To 

improve the accuracy of water level time series across the study area (Lat: 31.9676, Lon: 44.9306 to Lat: 31.0955, Lon: 

46.0942), the research incorporates multibeam altimetry data from Envisat, Jason-2, and Sentinel-3A/B/B. Validation of 

the altimetry techniques is carried out by comparing DAHITI water level records with in situ measurements and other 

satellite-based datasets. Both the Kalman filter and Hydroweb methods yield Unbiased Root Mean Square Difference 

(ubRMSD) values ranging between 0.2961–0.3922 cm and 0.536–0.577 cm, respectively. The Nash-Sutcliffe Efficiency 

coefficient for DAHITI-derived water levels varies between 0.5971 and 0.9831, while Hydroweb produces values from –

0.871 to 0.567. Overall, DAHITI-based altimetry height estimates demonstrate superior accuracy compared to other 

altimeter datasets in most parts of the Euphrates River, with precision strongly influenced by river topography. The 

application of Kalman filtering further enhances water level monitoring, particularly in regions characterized by complex 

inland water structures. 
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1. Introduction 

Satellite radar altimetry has emerged as a powerful technique for monitoring rivers, lakes, and reservoirs, enabling 

highly accurate detection of river surface elevations [1, 2]. Over the past decade, its use in tracking terrestrial water 

bodies has grown considerably [3, 4], driving the launch of advanced satellite missions such as Jason-2, Jason-3, 

CryoSat-2, and Sentinel-3 [5, 6]. Among these, the Sentinel-3 (S3) mission stands out, as it is equipped with a synthetic 

aperture radar (SAR) altimeter and operates as a dual-satellite constellation with a 29-day repeat cycle, greatly enhancing 

the efficiency of surface water monitoring [7, 8]. This capability supports continuous observation of river water level 

fluctuations throughout the year [9, 10]. The Sentinel-3 altimeter provides a footprint of approximately 300 meters along 

the track, with a ground separation of about 7.5 km, enabling the detection of additional inland water bodies [11, 12]. 

Furthermore, its extended 369-day revisit period improves measurement accuracy. Nevertheless, the precise monitoring 

of inland waters remains challenging, as it requires effective capture of seasonal variations [13, 14]. With its enhanced 

temporal and spatial resolution, Sentinel-3 serves as a valuable tool for inland water monitoring and hydrological 

research [15, 16]. 
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Detecting satellite signals over inland water bodies—particularly those with narrow widths and rugged surrounding 

terrain—remains a significant challenge [16-18]. To improve the accuracy of satellite data, several tracking techniques 

have been developed, including the Envisat Model-Free Tracker, the Jason-1 Split-Gate Tracker, the Jason-2 

Diode/Median Tracker, and the Diode/DEM Tracker. In coastal regions, the Diode/DEM approach—also referred to as 

the Open-Loop Tracking Command (OLTC)—has demonstrated superior performance over the closed-loop mode in 

predicting sea level and wave heights. Initially tested on the Jason-2 and SARAL/AltiKa missions [19, 20], Sentinel-3 

has been operating in open-loop mode since March 2019. Research on Chinese rivers has shown that OLTC substantially 

enhances water surface monitoring in hilly areas when compared with closed-loop tracking [16]. Nevertheless, certain 

cases have revealed that OLTC may lack adequate elevation adjustments when tracking water surfaces over newly 

constructed reservoirs [21]. Recent advancements in retracking and filtering techniques have further improved the 

accuracy of inland altimetry. For example, applying Pulse Peakiness and Misfit filters to Sentinel-3 waveforms at the 

Chashma Barrage reduced the RMSE to approximately 0.27 m (R ≈ 0.93–0.95), compared to significantly larger errors 

without filtering [22]. Similarly, by optimizing retrackers and correcting DEM biases, innovative altimetry mapping 

approaches such as AltiMaP have enhanced the retrieval of water surface elevation at the watershed scale [23].  

The utility of near-real-time (NRT) Sentinel-3 data for river monitoring has also been confirmed. A global three-

year study reported a median RMSE of about 21–23 cm when compared to in-situ measurements, showing comparable 

performance to delayed products and supporting forecasting applications [24, 25]. Furthermore, high-resolution flood 

reanalysis in the Garonne basin has been achieved by integrating SWOT altimetry with Sentinel-1 flood extent data 

through ensemble Kalman filtering (EnKF), resulting in state-parameter updates that closely align with in-situ water 

level dynamics [26]. When combined with in-situ observations, the assimilation of SWOT altimetry into EnKF 

frameworks for hydrodynamic flood modelling has shown substantial improvements in riverine flood reanalysis, 

highlighting its strong potential for application in other basins [27]. Nevertheless, many watersheds still lack sufficient 

in-situ gauging stations, which limits validation capabilities and complicates the calibration of data assimilation and 

Kalman filtering methods. 

Measuring river water levels using satellite altimetry, particularly over rivers such as the Euphrates, poses significant 

challenges due to their narrow widths, rough terrain, and variable surface reflectance. Although Open-Loop Tracking 

Commands (OLTC) improve measurement accuracy, they still encounter difficulties when applied to newly formed 

reservoirs or sudden elevation changes. Moreover, the absence of in situ gauges in many basins limits the validation of 

satellite-derived data. While near-real-time Sentinel-3 observations remain underutilized in arid regions, high-precision 

datasets such as SWOT often suffer from delays. Compared with large tropical rivers like the Amazon, Congo, and 

Ganges, which are generally more suitable for most filtering techniques, the Euphrates presents additional complexities. 

To address these challenges, this study applies data assimilation and OLTC-enhanced observations within a Kalman 

filter framework to smooth Sentinel-3 data, enabling near-real-time water level prediction in data-scarce regions. 

The Euphrates River, extending approximately 2,700 km (1,678 miles), is the largest in Southwest Asia and flows 

through Turkey, Syria, and Iraq, playing a vital role in regional hydrology. This research provides a detailed examination 

of the Kalman filter approach alongside an extended outlier rejection methodology, which together support the water 

level estimations available through the DAHITI database. 

The study addresses two central questions concerning DAHITI: (1) What is the accuracy of DAHITI-derived water 

level estimations for the Euphrates River basin? (2) How does the accuracy of DAHITI data compare with other satellite 

databases and missions? The research emphasizes the southwestern Iraq section of the Euphrates River and investigates 

the correlation between altimeter readings to improve the reliability of error estimation. Furthermore, it establishes clear 

guidelines for constructing water-level time series, incorporating a rigorous validation process that cross-compares 

results with datasets from other satellite missions and in situ gauging stations, such as Hydroweb. 

The structure of the remaining sections of this article is as follows: Section 2 (Materials and Methods) introduces 

the study area, the utilized databases, and the relevant satellite missions, with particular emphasis on Sentinel-3 and the 

available in situ observations. Section 3 provides a detailed description of the adopted methodology and presents a 

comparative analysis between Gauging Station records and multi-mission Altimetry data obtained from Hydroweb and 

DAHITI. Section 4 examines the performance of the proposed approach along the Euphrates River, presenting and 

assessing the obtained results. Section 5 discusses the findings in terms of their practical implications and their 

significance within the broader research context. Finally, this section concludes the study and outlines recommendations 

for future investigations. 

2. Material and Methods 

2.1. Study Area 

The primary source of validation data for water elevation time series derived from altimetry is in situ observations 

collected from gauging stations. The study area is restricted to inland water bodies, as only these provide the in-situ data 

necessary for accurate comparisons. This research focuses on the Euphrates River, which hosts several gauging stations. 

When selecting inland water bodies to evaluate the performance of the Kalman filter method, the availability of external 

time series generated from altimetry must be considered. It is also essential to compare the Kalman filter with alternative 
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approaches. Fortunately, for nearly all the analysed inland water bodies, both in situ gauging stations and altimetry-

derived time series are available. 

This investigation concentrated on the southwestern region of the Euphrates River basin. The Euphrates extends 

from latitude 31.9676 and longitude 44.9306 to latitude 31.0955 and longitude 46.0942 (Figure 1). The Euphrates River 

basin spans approximately 1060 km. Based on Halicki & Niedzielski [24], the classification of inland water bodies 

depends on river width. Within the study area, the Euphrates is categorized as a narrow river, with widths ranging 

between 40 and 200 meters. The southwestern desert of Iraq is characterized by long, hot, and dry summers, where 

temperatures may rise to 55 °C in July and August. In contrast, during the winter months (December to February), 

temperatures can drop to –3 °C, with periods of intense cold and occasional rainfall. 

 

Figure 1. The Iraqi southwest desert and the Euphrates basin 

On average, the study area (Figure 1) receives about 30 mm of rainfall per day in January. Rainfall also exceeds 20 

mm in March, November, and December, while maximum daily precipitation varies significantly by location in other 

months. For example, Al-Nasriya reported only 0.2 mm of rainfall in September, whereas Baghdad recorded 89.1 mm 

in November. Overall, the study region is predominantly desert, featuring relatively flat terrain interspersed with dunes. 

2.2. The Data and Principles of Altimetry 

Space-borne radar altimeters are highly effective tools for monitoring inland water bodies, such as rivers and lakes, 

and for measuring water levels. These instruments transmit signals in the nadir direction, which reflect off the water 

surface and are subsequently received by the device. The shape of the returning signal, known as the waveform, provides 

critical information for estimating water levels. The time elapsed between signal transmission and reception corresponds 

to the distance between the satellite and the Earth's surface [25]. Water level is determined by subtracting the observed 

range (R) from the satellite’s altitude (Halt), with necessary geophysical corrections applied to ensure accuracy [26] 

(Equation 1). Altimetry is a fundamental technique for determining water surface elevations from satellite data. Accurate 

measurements rely on two key parameters: the range (R) and the satellite’s altitude (Halt). The range is calculated by 

measuring the round-trip travel time of the radar altimeter’s electromagnetic pulses. The satellite’s altitude is precisely 

determined by calculating its orbit relative to a reference ellipsoid. To improve measurement accuracy, corrections are 

applied to account for atmospheric effects, including ionospheric, dry tropospheric, and wet tropospheric influences, as 

well as geophysical factors such as solid Earth and polar tides [27]. The water surface height can then be determined 

using the following Equation: 

H-water level= Halt-(R + Corr-atmospheric + Corr-geophysical) (1) 

When the altimeter range is denoted by R, the computed water level is represented by H, the atmospheric and 

geophysical corrections are represented by Corr atmospheric and Corr geophysical, and the Sentinel 3A altitude is 

represented by Halt. 
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2.2.1. DAHITI Approach 

A precise and dependable method of combining altitude measurements from numerous tracks is essential. The 

irregularly spaced data from various locations must be combined into a single time series for each objective to obtain 

the most accurate outcomes from data with varying degrees of uncertainty. By estimating the water surface elevation 

using a Kalman filter and an enhanced outlier rejection, the DAHITI approach satisfies these criteria. As shown in Figure 

2, the three stages of the DAHITI technique's processing approach for calculating the water surface levels for the inland 

waterways include pre-processing, Kalman filtering, and post-processing. 

 

Figure 2. The three primary stages of the DAHITI processing approach 

Pre-processing involves all essential operations required to refine altimeter height measurements before analysis. 

These steps include waveform re-tracking, outlier rejection, range corrections, and the computation of height errors. 

Water levels in lakes and rivers are estimated using the Kalman filtering method (see Table 1). This study applies the 

DAHITI technique, which utilizes Kalman filtering to derive a single estimated water level for each period at a specific 

location within the river. In the post-processing phase, all individual water level measurements obtained in the previous 

step are integrated into a continuous time series using a Kalman filter applied to a grid. 

Estimation of Time series 

Rejection of outlier 

Database of Hydrological 

Time Series of Inland 

Waters (DAHITI) 

Kalman filtering  

Rejection of outliers 

Create Grid 

(optional) 

Calculation of Heights 
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Table 1. List of geophysical adjustments and applicable models 

Corrections Sources/models References 

The wet troposphere E.C.M.W.F. (2.5° * 2.0°) Vienna mapping functions. 1 (V.M.F1) Böhm et al. (2006) [2] 

Dry troposphere E.C.M.W.F. (2.5° * 2.0°) for Functions. 1 for Vienna mapping (V.M.F1) Böhm et al. (2006) [2] 

The Ionosphere N O A Ionosphere Climatology (2009) (NIC 09) Scharroo & Smith (2010) [22] 

Solid of the Earth's tide I.E.R.S. Convention 2003 McCarthy & Petit (2004) [12] 

The pole tide I.E.R.S. Convention 2003 McCarthy & Petit (2004) [12] 

Range bias M.M.X.O.14 Bosch et al. (2014) [13] 

Geoid Eign- 6C3 stat Förste et al. (2014) [18] 

Kalman Filtering: The DAHITI methodology employs Kalman filtering to generate a time series of water elevation 

measurements. This approach continuously updates a model by incorporating observations with varying levels of 

precision, thereby improving the estimation of present conditions and forecasting future states [28]. The filter operates 

recursively, minimizing the number of input observations processed at each step, making real-time applications feasible. 

Various modified Kalman filter techniques have been developed for geodetic applications (e.g., [29-31]). Through 

sequential least-squares adjustment, the Kalman filter produces statistically optimal water elevation estimates by 

considering both deterministic and stochastic system behaviors. 

Radar altimetry is a remote sensing technique used to estimate water levels in rivers and lakes. In this study, several 

virtual stations along the Euphrates River were identified based on multi-mission altimetry tracks from Jason-2, Envisat, 

Sentinel-3A, and Sentinel-3B. These stations are situated within a latitude range of 31.967°N to 31.095°N and a 

longitude range of 44.930°E to 46.094°E. The analysis revealed that four virtual stations could be established using data 

from these altimetry tracks, each covering different time periods (see Table 2). 

Table 2. Virtual stations for the multi-mission altimetry were identified based on altimetry passes. 

Satellites Pass Data Availability 
Nearest location  

(Gauging Stations) 

Sentinel-3A 225 2016- Present AL Hamza 

Sentinel-3B 339 2018- Present Al-Rumaila 

Jason-2 209 2008- Present Al-Khether 

ENVISAT 270 2002-2012 Al- Rumaithah 

In this study, the term "virtual stations" refers to the locations along the Euphrates River where altimeter 

measurements are taken. The altimeter data used in this research were obtained from DAHITI, an open-access archive 

available at https://DAHITI.dgfi.tum.de/en/map/. Both DAHITI and Hydroweb are multi-mission altimetry repositories. 

However, DAHITI applies a Kalman filter to remove measurement outliers, improving the accuracy of its altimeter data 

to within a few millimetres to centimetres. In comparison, Hydroweb operates virtual stations at a high frequency of 18–

20 Hz, using datasets from Envisat, Jason-2, Sentinel-3A, and Sentinel-3B. These datasets are pre-processed to correct 

for factors such as polar motion, sea state, ionospheric effects, and orbital biases, thereby enhancing measurement 

reliability. 

2.2.2. Data from Gauging Stations 

This study collected water level time series data from four hydrological gauge stations along the Euphrates River: 

Al Hamza, Al-Rumaila, Al-Khether, and Al-Rumaithah. These data were obtained from the Iraqi Ministry of Water 

Resources, specifically the Irrigation and Land Reclamation Projects Operation Department. This dataset represents the 

only source of daily water level and discharge measurements that have undergone rigorous editing and quality control 

to ensure reliability. 

3. Methodology 

Although water surface elevation measurements from hydrological gauges exhibit high relative precision, several 

factors must be considered when utilizing in situ data. Uncertainties related to gauge positioning, reference height, and 

vertical datum complicate direct comparisons with satellite altimetry measurements. These discrepancies introduce 

height differences between gauge and altimetry-derived water level time series, which must be addressed during the 

validation process. 
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In particular, comparisons between altimetry-based and in situ water levels often reveal residual offsets. These 

discrepancies arise primarily due to the limited number of altimeter satellite tracks crossing rivers precisely at gauging 

station locations, combined with river slope variations that introduce additional offsets. To mitigate uncertainties 

associated with altimetry data from multiple missions, comparative analyses are conducted using water surface levels 

obtained exclusively from gauging stations. 

3.1. Comparing the Gauging Stations with the Altimetry Data from DAHITI, and Multi-Missions’ Altimetry 

Data from Hydroweb 

This study utilized external inland altimeter databases, such as Hydroweb, to compare the derived water level time 

series with those obtained from altimeter satellites. These databases compile data from multiple altimeter missions, each 

employing different methodologies to calculate water levels. Consequently, the temporal resolutions of these time series 

vary between 10 and 35 days, covering a broad time frame. It is essential to consider these variations when comparing 

data from different sources. 

In the first part of this analysis, the DAHITI technique was applied to estimate water surface elevations for four 

virtual stations along the Euphrates River using altimetry data from Sentinel-3A and Sentinel-3B [32-34]. The DAHITI 

database, accessed on June 5, 2023, provides water elevation data for these virtual stations. Each virtual station was 

assigned a corresponding nearby gauging station, with an average separation distance of 32.875 km. Despite station 

distances ranging from 0.750 km to 65 km, temporal discrepancies between measurements must be considered when 

comparing water level records. 

The second part of this study involves a comparative analysis of altimetry data from various satellites hosted on 

different databases against gauging station data. Open-access altimeter data are widely recognized for their accuracy. 

To assess the reliability of multi-mission satellite altimetry data, this study compares them with DAHITI-derived 

altimetry measurements. This comparison is crucial for evaluating the effectiveness of the Kalman filter [32, 35], a core 

component of the DAHITI methodology, in enhancing data accuracy. 

3.1.1. Statistical Matrices 

Comparing water elevations presents challenges due to differences in vertical datums, such as the EGM 2008 geoid 

used for Sentinel-3A, Sentinel-3B, Jason-2, Envisat, and gauging station measurements. To mitigate this issue, 

Sulistioadi et al. [36] recommends using water elevation anomalies instead of absolute water elevation values. The 

anomalies for Envisat, Jason-2, and Sentinel-3A/B are computed by determining the height difference between observed 

and measured elevations from Hydroweb, facilitating the identification of irregularities in water level variations. 

The observed data are derived from standard water surface elevations. To compute the water elevation anomaly for 

a specific virtual station, the variance between the recorded and measured elevations from Sentinel-3A and Sentinel-3B 

is calculated using DAHITI. This analysis was conducted for the period from February 2019 to January 2020. 

Additionally, the anomaly for the water level time series at a given hydrological gauge station is determined by 

calculating the difference between the observed data and their mean value over the same period. 

3.1.1.1. Root Mean Square Deviation (RMSD) 

The Root Mean Square Deviation (RMSD) is a widely used metric for assessing numerical data accuracy. It 

quantifies the average error magnitude and is particularly sensitive to large fluctuations, as it squares individual 

variances. The RMSD is computed to evaluate the extent to which satellite-based water elevation anomalies deviate 

from gauge-derived anomalies [37]. It is defined as: 

RMSD= SQRT ∑
(𝐻(𝑔𝑎𝑢𝑔𝑒)і−𝐻(𝑎𝑙𝑡𝑖𝑚𝑒𝑡𝑦)і)²

𝑁

𝑁 
і  (2) 

where H (altimetry) is the Envisat, Sentinel-3A, B, Jason-2, and Jason-3 anomaly for the water elevation, Hgauge is the 

gauge data for the water elevation anomaly, and N is the size of the samples. 

3.1.1.2. Unbiased Root Mean Square Error (Ub RMSE) 

Compared to the Random RMSE, which accounts for random errors, the unbiased RMSE (Ub RMSE) eliminates 

bias between datasets, providing a more accurate assessment of discrepancies [37-39]. By minimizing the bias 

introduced by the spatial distance (less than 50 km) between observations on the same water body, the Ub RMSE [39] 

offers a reliable estimate of inaccuracies between in-situ measurements and satellite-derived water level datasets. The 

Ub RMSE is computed using Equations 3 and 4. 

Ub RMSE = sqrt (rmsd ² - md²) (3) 

MD=∑
(𝐻(𝑔𝑎𝑢𝑔𝑒)і−𝐻(𝑎𝑙𝑡𝑖𝑚𝑒𝑡𝑦)і)

𝑁

𝑁 
і  (4) 
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The Nash-Sutcliffe efficiency (NSE) is often used to compare anomalies [39-41]. It is one of the few recognized 

indicators for assessing the effectiveness of hydrologic models. The following formula defines the NSE statistics: 

NSE = 1-∑
(𝐻(𝑔𝑎𝑢𝑔𝑒)і − 𝐻(𝑎𝑙𝑡𝑖𝑚𝑒𝑡𝑦)і)²

(𝐻(𝑔𝑎𝑢𝑔𝑒)і − 𝐻(𝑔𝑎𝑢𝑔𝑒)𝑚𝑒𝑎𝑛)²

𝑁 
і  (5) 

where N represents the sample size, B represents the anomaly for the surface water elevation, H represents the gauge 

water level anomaly, and Hgauge represents the average of the elevation anomalies in the gauge station dataset. H 

(altimetry) is the Envisat, Jason-2, Jason-3, and Sentinel-3A. As an indicator of estimating skills, the Nash-Sutcliffe 

efficiency statistics characterize the degree of agreement between observations and estimates rather than directly 

reflecting errors. As a result, it makes it possible to evaluate a method's efficacy across many rivers. The range of the 

NSE values is -∞ to 1. 

3.1.2. Topographic Factors 

If altimetry-derived water levels and in situ measurements align in terms of mean, phase, and amplitude, the Nash-

Sutcliffe Efficiency (NSE) approaches 1. When NSE is near zero, satellite-derived water elevations are comparable to 

the average of gauge measurements. However, negative NSE values indicate that averaging gauge data provides a more 

accurate estimate of water levels than reconstruction using Sentinel-3A and 3 B. 

This study also aimed to evaluate the land cover (LC) near the river using the 2018 Corine Land Cover (CLC) dataset. 

To achieve this, we analysed the geographic context surrounding each virtual station (VS) along the satellite ground 

track, precisely mapping land features within a one-km radius of each VS. Furthermore, river morphology was assessed 

using Sentinel-1 imagery, taking into account factors such as the presence of sandbars, the orientation of the river 

channel relative to the satellite ground tracks, and the frequency of river crossings along these tracks. This methodology 

allows for distinguishing VS locations and passes lines for all missions based on the presence or absence of these 

features. 

4. Results and Discussion 

This chapter examines altimetry data derived using the Kalman filtering technique, focusing on the Euphrates River. 

The accuracy of water level measurements from four virtual stations on the DAHITI platform was validated by 

comparing them with data from gauging stations, Hydroweb, and altimetry satellites provided by other sources. To 

enhance the reliability of results, multiple altimetry missions were utilized. The study specifically analysed a section of 

the Euphrates River in southern Iraq to align DAHITI data with measurements from gauging stations and multi-mission 

satellites. 

4.1. The Precision of Surface Water Heights Derived using DAHITI Altimetry 

For the virtual stations and their nearest gauging stations, the derived ubRMSD, RMSE, and NSE values are reported 

in Table 3 with a mean of 0.35, 0.35, and 0.78m, respectively. 

Table 3. The altimetry method for neighbouring gauge levels is the basis for the altimetry data for the Sentinel-3B and the 

water surface level 

Basin River ID Latitude Longitude River Width Gauging Station Distance to VS (km) Ub RMSE RMSE NSE 

Euphrates 
Euphrates 

River 

41508 31.3520 45.0311 65 Al- Hamza 64.7 0.3702 0.3705 0.5971 

41509 31.3147 45.0586 105 Al- Rumaithah 0.750 0.2961 0.2985 0.8631 

24448 31.2885 45.5161 50 Al-Khether 65 0.3922 0.3963 0.7233 

41512 31.2878 45.5188 45 Al-Rumaila 58.3 0.3334 0.3516 0.9831 

The in-situ and altimetry datasets yielded statistically significant results, with the unbiased Root Mean Square Error 

(ubRMSE) ranging between 0.29 cm and 0.33 cm. As presented in Table 3, the Nash-Sutcliffe Efficiency (NSE) 

coefficients range from 0.59 to 0.98, with an average of 0.78, indicating the high quality of the Sentinel-3A (S3A) and 

Sentinel-3B (S3B) datasets. The maximum NSE value of 0.98 was observed for water surface elevation estimates at the 

virtual station (VS) when compared to the nearby Al-Rumaila gauging station (Table 3). This excellent performance is 

attributed to the sandy riverbanks with minimal vegetation, promoting desert regeneration, which contributed to the 

highest NSE values. 
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Table 3 also provides a comparison between the reported river widths (40–200 m), derived from Sentinel-1 data, and 

the distances between the VSs and nearby gauge stations. In the study area, virtual station locations, averaging 

approximately 50 m in width, are situated at a mean distance of 32.875 km from adjacent gauge stations, with distances 

ranging from 0.75 km to 65 km. 

Figure 3 illustrates the convergence of water level anomalies for the VSs relative to the adjacent in-situ 

measurements. The consistency between the anomalies is evident, with the Al-Rumaithah station showing a low RMSE 

of 0.29 m and a high NSE of 0.86. The lower performance at the Al-Hamza station (NSE 0.59, RMSD 0.37) may be due 

to the high reflectivity of sandbars within the river channel. Nevertheless, the altimetry data presented in Figure 4 

demonstrates excellent agreement with the in-situ time series, showing minimal errors. 

  
(a) (b) 

  
(c) (d) 

Figure 3. Comparing the water elevation variations between the nearest gauge stations on the Euphrates River and four 

simulated Sentinel-3A and B satellite sites 

In other words, there is a strong agreement between in situ measurements and the analysis of DAHITI altimetry data 

from four gauging stations along the Euphrates River. The model demonstrates reliable performance, with RMSE values 

ranging from 0.2985 m to 0.3963 m and Nash-Sutcliffe Efficiency (NSE) scores exceeding 0.59 at all locations (Table 

3). Despite the river’s relatively narrow width (45 m), the Al-Rumaila station achieves the highest NSE (0.9831), 

reflecting nearly perfect monitoring of observed water levels. Even at a close distance (0.75 km) to the virtual station, 

the lower RMSE at Al-Rumaithah (0.2985 m) indicates highly accurate satellite retrievals. These results highlight the 

effectiveness of DAHITI for hydrological monitoring in semi-arid basins with sparse observational data 

4.2. Water Level Time Series for the Multi-Missions from the Hydroweb 

Table 4 presents the calculated Root Mean Square Error (RMSE) and Nash-Sutcliffe Efficiency (NSE) values for 

the water elevation time series along the pass line, derived from HydroWeb’s in-situ measurements and multi-mission 

altimetry data (Envisat, Jason-2, and Sentinel-3A/B). The average RMSE and NSE values were 0.618 m and 0.458, 

respectively. These metrics were computed to evaluate the reliability of the data from the different satellite missions. 

The results from HydroWeb’s dataset showed discrepancies when compared to the DAHITI database, with elevated 

RMSE values indicating relatively poor performance of the missions, despite the generally flat topography of the study 

area. One major source of uncertainty in predicting inland water surface levels is the limited temporal resolution of 

satellite altimetry. To mitigate this issue, the study employed data from multiple altimeter missions to compare the 

estimated water surface elevations with those recorded at gauging stations. 
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Table 4. Working metrics for the multi-mission water levels depend on the altimetry for nearby gauge station elevations 

Basin River 
Gauging  

Station 

The number of passes for the multi-Mission satellites 
Distance to 

Pass-line. (km) 

Ub 

RMSE 
RMSE NSE 

Envisat Jason-2 Sentinel-3A Sentinel-3B 

Euphrates  
Euphrates 

River 

AL Hamza - - 225 - 77.1 0.662 0.628 0.225 

Al- Rumaithah 270 - - - 50.8 0.639 0.537 0.567 

Al-Khether - 209 - - 80.1 0.936 0.485 0.170 

Al-Rumaila - - - 339 22.5 0.577 0.823 0.871 

Figure 4 illustrates the water levels of the Euphrates River obtained from Envisat, Jason-2, Sentinel-3A, and Sentinel-

3B via HydroWeb, alongside the measurements from the gauging stations. Time series from all satellite altimetry data 

were used to calculate the anomalies in the water levels. The width of the Euphrates River ranges approximately from 

40 to 200 meters. 

  

  

Figure 4. The water levels time series and the water surface elevation for the gauging stations for the multi-missions from 

Hydroweb 

It is significant to highlight that river morphological characteristics like river width and azimuth, as well as 

surrounding bright objects, such as tiny sand bars, islands, and water bodies, can have an impact on river level monitoring 

using altimetry [24]. Furthermore, the surrounding terrain has an indirect impact on the echo signals from radar. These 

elements will be thoroughly examined in this section.  

The superior precision and consistency of DAHITI products are evident when comparing DAHITI altimetry data 

with multi-mission satellite observations from four gauging stations along the Euphrates River. Although Table 3 shows 

high NSE values (up to 0.9831) and DAHITI RMSE values ranging from 0.2985 to 0.3963 meters, Table 4 highlights 

greater variability and generally lower performance across conventional satellite missions. The best-performing multi-

mission dataset (Sentinel-3B) produced an RMSE of 0.823 m and an NSE of 0.871 despite the relatively close distance 

(22.5 km), whereas DAHITI at Al-Rumaila achieved an RMSE of 0.3516 m and an NSE of 0.9831. Similarly, DAHITI 

outperformed Jason-2 at Al-Khether, achieving a substantially higher NSE (0.7233 vs. 0.170) and a lower RMSE 

(0.3963 m vs. 0.485 m) (Tables 3 and 4). These comparisons demonstrate DAHITI’s ability to provide more accurate 

water level estimates, even in cases where satellite tracks are sparse or not well aligned with river morphology, and 

highlight its robustness in narrow or complex terrain. 
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4.3. The Virtual Station's Water Elevation Compared to Adjacent Gauges 

Water level predictions made at virtual stations using altimetry can differ from in-situ measurements due to various 

factors. To ensure accurate validation, it is crucial to select gauge stations located near the virtual station. According to 

Kittel et al. [15], gauges should be within 20 kilometres of the virtual station to ensure a reliable comparison. However, 

Bogning et al. [41] used data from a virtual station situated more than 100 kilometres away from the gauge. Furthermore, 

the comparison may be influenced by tributaries between the two locations, as noted by Kittel et al. [15] and Biancamaria 

et al. [42], who excluded pairs with significant tributaries. Additionally, the presence of hydraulic structures such as 

dams or weirs can degrade the agreement between altimetry and gauge data. For example, Biancamaria et al. [42] 

reported that dams on the Garonne River between the local gauge and virtual station led to significant RMSE in water 

surface height calculations. 

Figure 1 illustrates the geographical distribution of the virtual stations (VS) and gauge stations. Despite the gauges 

being located up to 65 kilometres away from the virtual stations, the distance did not significantly affect the results. Our 

investigation found that the water elevations at a virtual station located approximately 0.750 kilometres from the Al-

Hamza gauge yielded an NSE of 0.59, one of the lowest values among the closest measurements (see Table 3 for details). 

Moreover, Table 3 shows that the virtual station's NSE value of 0.72, located farther from the Al-Khether gauge, suggests 

a higher agreement. Figure 5 presents the statistical values for each monitoring station along the Euphrates River 

included in this study. 

 

Figure 5. Statistics from measurement sites dispersed along the Euphrates River in the study area 

Land contamination in waveform signals poses a significant challenge in determining the width of the Euphrates 

River, which is classified as narrow. This issue affects nearly all altimeter readings, as nadir measurements over the 

river are scarce. Even when such measurements are available, they may originate from river branches, potentially 

distorting the water level time series for the target area. 

Validation of the DAHITI water level time series for the Euphrates River, through comparison with Hydroweb data, 

showed noticeable improvements. This comparison provides a valuable assessment of the impact of outlier rejection and 

Kalman filtering on the refinement of DAHITI data. Differences in RMSE across four inland water levels indicate a 

slight decrease, suggesting that the combined approach yields only a moderate improvement in overall accuracy. 

4.3.1. Factors Influencing Altimetric Mensuration 

Radar altimetry poses inherent challenges for measuring river heights (see Introduction). An analysis of the virtual 

station (VS) on the Euphrates River—a relatively narrow water body—shows no significant correlation between the 

acquired altimetric data and river width. If any relationship exists, it is strongly inverse with respect to (1) unbiased root-

mean-square difference (ubRMSE), (2) Nash–Sutcliffe efficiency (NSE), and (3) root-mean-square error (RMSE). The 

strongest absolute correlations between river width and either RMSE or NSE are observed in narrow rivers, reaching 

values of 0.29 and 0.98, respectively, when comparing VS data with corresponding gauge measurements. 

Analyses using DAHITI data indicate that variations in the Euphrates River’s width—from 40 to 200 m—do not 

have a noticeable effect on altimetric accuracy. Previous studies, including Maillard et al. [43], provide detailed insights 

into how ambient factors influence altimetric measurements. This study further demonstrates that land cover (L.C.) 
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within 1 km of each VS does not significantly correlate with Sentinel-3A and 3B data quality. Nevertheless, vegetation 

appears to slightly affect measurement precision, as evidenced by the lower NSE value (0.59) recorded at the Al-Hamza 

station (Table 3). The predominance of agricultural land along the Euphrates River, characterized by low surface 

roughness, is generally suboptimal for altimetric measurements. Furthermore, a river morphology analysis identified 

features such as river crossings, parallel channels along the satellite’s ground track, and sandbanks near the Al-Hamza 

station that may influence altimetric performance.  

4.3.2. Factors Affecting River Morphology 

While altimetry is known to perform better over large water bodies, data from Tables 3 and 4 indicate no significant 

relationship between river width and altimetry satellite performance. The RMSE for the four virtual stations (VS 1, VS 

2, VS 3, and VS 4), with widths ranging from 50 to 200 m, remains suboptimal. Previous studies [15, 16, 24, 41, 44] 

have explored the relationship between river width and the performance of Sentinel-3A and 3B, helping to resolve 

inconsistencies observed within a single study area. Notably, most RMSE values are below 1 m; therefore, this study 

focuses only on cases where RMSE is less than 1 m. 

If a relationship existed between river width and Sentinel-3A performance, the data would exhibit a negative 

correlation, regardless of the evaluation method applied. However, the findings suggest either no correlation or an 

inconsequential one. Sentinel-3A measurements are effective for both small- to medium-sized and large rivers. While 

river widths exceeding 50 m may not impact measurement accuracy, they could limit data availability and the feasibility 

of using altimetry for river monitoring. 

5. Discussion 

The DAHITI time series outperforms previous methods and shows strong agreement with in situ data. However, 

challenges persist, particularly for narrower rivers. Comparisons of four DAHITI stations reveal RMSE differences 

ranging from 29 to 39 cm (Table 3). Notably, Al-Hamza and Al-Khether stations exhibit reduced altimetry consistency. 

A primary issue affecting altimeter readings along the Euphrates River is land contamination, which distorts waveforms 

and reduces measurement accuracy. 

Validation of DAHITI water level data against in situ measurements, as well as a comparison with Hydroweb data, 

demonstrates clear improvements. However, Nash-Sutcliffe efficiency (NSE) values for the Euphrates River using 

HydroWeb’s water level time series range from -0.871 to 0.567 (Table 4), indicating that the estimated error variance 

of the modelled time series exceeds that of the observations. Consequently, a negative NSE suggests that the 

observational mean is a more reliable predictor than the model when NSE < 0. 

The impact of outlier rejection and Kalman filtering on DAHITI data improvements is evident (Table 3). RMSE 

differences for four inland water elevation datasets show a slight decrease, suggesting only moderate accuracy gains 

from this combined approach. The most significant improvements stem from data re-tracking and robust outlier 

detection, while Kalman filter enhancements through dynamic modelling enhance real-time applicability. 

Numerous studies have shown that altimetry accuracy over inland water bodies can be influenced by land cover and 

land use. For instance, a study on virtual stations (VSs) along rivers in China [16], some of which traverse complex 

terrain, highlights potential altimeter malfunctions that lead to significant errors (Table 5). Similarly, research on the 

Inner Niger Delta [44] indicates that multiple river currents or floodplains surrounding VSs can cause major 

inaccuracies, complicate waveforms, and make range determination more challenging for re-trackers (Table 5). 

However, despite being located in a floodplain, one VS analyzed by Kittel et al. [15] reported an exceptionally low 

RMSE (0.14 m). Additionally, Rai et al. [45] estimated monthly discharge at VSs along the Ganga River using data 

from three satellite altimeter missions—ERS-2 (1995–2007), Jason-2 (2008–2017), and Envisat (2002–2010)—

concluding that the temporal resolution of altimetry contributes to discharge estimation uncertainty. 

Table 5. Uses Sentinel-3A radar altimetry to summarize research on river water levels. 

References Study area 
The river 

width (m) 

Distance to gauging 

station (Km) 

Number 

of V. S 

RMSE 

(cm) 

Bogning et al. (2018) [41] Ogoou´e River 300–1240 66–133 3 20-40 

Normandin et al. (2018) [44] Inner Niger Delta 380–3760 8–162 16 16-170 

Zaidi et al. (2020) [39] Indus River - 0.71–3.74 2 43-45 

Jiang et al. (2020) [16] Chinese rivers 70–2000 <3 39 12-639 

Scherer et al. (2020) [46] Lower Mississippi River - 11.29 1 14 

Kittel et al. (2021) [15] Zambezi basin 35–600 4.8–19.5 2 14-28 

Halicki & Niedzielski (2022) [24] Vistula and Odra basins 40–610 0.49–72.7 34 12-44 

Rai et al. (2021) [45] The Ganga River 130 m to 2 km <81 7 22 -71 

Present study The Euphrates River 40-200 0.750-65 4 29-39 
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Since this study focuses on VSs in a relatively flat region, the impact of topography was not examined. Table 3 

presents low and acceptable RMSE values (0.29–0.39 m, with a mean of 0.35 m) and minimal dispersion (RMSE 

standard deviation = 0.035 m). Contrary to Maillard et al. [43], which suggests land cover significantly affects data 

quality, our findings indicate no substantial impact, likely due to the similarity of land cover types across most Vs. To 

assess the accuracy of manually derived altimetry-based water levels, various services, including the European Space 

Agency (ESA) GPOD, were utilized (Table 5). 

 The root mean square error (RMSE) estimates in our analysis are lower than those reported by Schwatke et al. [32] 

for significantly larger inland water bodies. While this finding is promising, caution is warranted, as substantial absolute 

water elevation discrepancies (exceeding 1 m) may contribute to considerable errors in some virtual stations (VSs) 

identified by Schwatke et al. [32]. Notably, variability in water elevations surpasses absolute variations observed in Iraqi 

rivers (Figure 4). 

In a recent study, Scherer et al. [46] reanalyzed altimetric water elevations from the DAHITI data center and 

introduced a novel approach to discharge prediction by integrating remote sensing imagery with satellite altimetry. Their 

analysis of 20 VSs along the Lower Mississippi River, including a Sentinel-3A VS, demonstrated DAHITI’s high 

accuracy, yielding an RMSE of just 14 cm (Table 5). However, it is important to note that the Mississippi River is one 

of the largest rivers globally, significantly wider than those in Iraq. Additionally, their study found no correlation 

between a river width of 200 m and the data used to assess water elevation accuracy (Table 3 and Figure 4). 

Our findings align with those of Jiang et al. [16] and Santos da Silva et al. [47], confirming that river width does not 

influence the accuracy of altimetry-derived surface water heights. Notably, researchers tracking water levels along the 

Brahmaputra River employed a different approach using retracted Jason-2/3 and Envisat altimetric data. Despite 

analyzing river segments ranging from 200 to 1000 m in width, they concluded that their methodology is suitable for 

rivers as narrow as 300 m. An interesting observation is that the presence of tributaries between studied stations does 

not appear to negatively impact concordance between in situ and VS data. 

However, previous studies by Kittel et al. [15] and Biancamaria et al. [48] suggest that major tributaries can 

complicate comparisons between adjacent stations (Table 5). The low agreement between water heights recorded at the 

Al-Hamza gauge station and its neighboring VS may be attributed to sandbars along the river stretch (Table 3). This is 

consistent with the findings of Maillard et al. [43], which indicate that sandbars significantly affect water level 

estimations in virtual locations. Additionally, while hydraulic structures may hinder hydrograph comparisons, they do 

not directly affect altimetric measurements [48]. River channel morphology also plays a crucial role in reconstructing 

water levels within regulated channels. Along the Euphrates River, the presence of extensive sandbar accumulations 

poses further challenges. Virtual stations with Nash-Sutcliffe efficiency (NSE) values below 0.59 cm (Table 3) were 

often located in areas with complex river morphology and unfavorable geographic conditions. These findings support 

the conclusions of Maillard et al. [43], which highlight the influence of sandbars, parallel river channels, and multiple 

satellite track crossings on altimetric measurement accuracy. 

6. Conclusions 

The launch of Sentinel-3A and 3B marked significant progress in satellite altimetry, introducing the first open-loop 

global mission equipped with a synthetic aperture radar altimeter (SARAL). This study assessed the advantages of the 

Kalman filter by analyzing water levels obtained from two key altimetry databases: DAHITI and Hydroweb. 

Altimetry data from four virtual stations along the Euphrates Basin in Iraq were retrieved from the DAHITI database, 

covering a study area with an average river width ranging from 40 to 200 meters. The dataset spans February 2019 to 

January 2020. The key findings are as follows: 

 The RMSE (Root Mean Square Error) for DAHITI-derived altimetry-based water levels ranges from 0.29 to 0.39 

meters. 

 Hydroweb altimetry-based surface level measurements for multiple missions yield an RMSE between 0.70 and 

0.90 meters. 

 The mean Nash-Sutcliffe Efficiency (NSE) for DAHITI-derived water level reconstruction along the Euphrates 

River is 0.78, with a range of 0.59 to 0.98. 

 The NSE for HydroWeb’s multi-mission water level reconstruction along the Euphrates River falls within the 

same range (0.59–0.98). 

 No significant correlation exists between river width and water level measurements from Sentinel-3A, RMSE 

precision, or NSE proficiency. 

 Land cover does not significantly influence NSE values or RMSE precision in altimetry-based water level 

reconstructions. 

 Altimeter measurement accuracy is primarily affected by complex topography and unfavorable geographic 

conditions, including inter-channel sandbars and other morphological features. 
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This study validated the accuracy of DAHITI-derived data by comparing it with data from other missions and 

databases. The results demonstrate that DAHITI’s enhanced outlier rejection and Kalman filtering techniques, 

particularly when applied to Sentinel satellite data, contribute to improved accuracy. The validation of DAHITI’s water 

level time series for the Euphrates River showed substantial improvements over in situ data and Hydroweb-derived time 

series. The findings underscore the potential of the Kalman filter for real-time applications, particularly when integrated 

with dynamic modelling. 
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