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Abstract

:

The monitoring of the water stage in streams and rivers is essential for the sustainable management of water resources, particularly for the estimation of river discharges, the protection against floods and the design of hydraulic works. The Institute of Marine Biological Resources and Inland Waters of the Hellenic Centre for Marine Research (HCMR) has developed and operates automatic stations in rivers of Greece, which, apart from their monitoring role, offer opportunities for testing new monitoring equipment. This paper compares the performance of a new ultrasonic sensor, a non-contact water stage monitoring instrument, against a pressure transducer, both installed at the same location in an urban stream of the metropolitan area of Athens. The statistical and graph analysis of the almost one-year concurrent measurements from the two sensors revealed that stage differences never exceeded 7%, while the ultrasonic measurements were most of the time higher than the respective pressure transducer ones during the low flow conditions of the dry period and lower during the wet period of the year, when high flow events occurred. It is also remarkable that diurnal air temperature variations under stable hydrologic conditions had an impact on the measured stage from the ultrasonic sensor, which varied its stage measurements within a small but non-negligible range, while the pressure transducer did not practically fluctuate. Despite a slightly increased sensitivity of the ultrasonic sensor to meteorological conditions, the paper concludes that non-contact sensors for the monitoring of the water stage in rivers can be useful, especially where danger for possible damage of submersible instruments is increased.






Keywords:


non-contact sensors; pressure transducer; rivers monitoring; statistical analysis; ultrasonic; water stage












1. Introduction


The water quantity and quality monitoring of surface water bodies is essential for the preservation of a healthy aquatic environment and the sustainable management of water resources [1], with transparency in data collection being crucial for the monitoring reliability [2,3]. Automatic telemetric instruments for surface water monitoring are gaining ground as they can provide early warning services, essential for pollution mitigation and preparation against extreme events [4,5]. Wireless technologies make it possible to connect to remote areas, enabling fast data transmission at high temporal resolution, allowing the detection of both short-term events and long-term changes, essential for environmental research [6,7]. The latest technological developments of in situ sensors and telecommunication protocols provide continuous data flows at low operational and maintenance costs [8,9].



Particularly for streams and rivers, water stage (or water level), the height or elevation of the water surface above an established datum plane, is also important for designing works (bridges, embankments and levees) or for protecting communities and human property from flood inundation. Stage is also used as the independent variable in a stage–discharge relation to compute discharges [10]. Stream stages are systematically monitored by automatic sensors, devices that automatically determine, or sense, the height of the water column from the water surface to the river bed. Various types of recording methods and associated instruments are available including the traditional method of a float being on the water surface inside a stilling well, and the newer methods utilizing pressure transducers and non-contact sensors [11].



Submersible pressure transducers are usually self-contained units having a transducer element and electronic circuitry and can be deployed directly in the stream. The sensor has to be installed into a fixed pipe to some level that is lower than the minimum water level or if possible directly above the river bed. The effect of the physical pressure, force per square unit of surface area, that is applied on the pressure sensor generates an output signal that is converted to a pressure measurement. In order to determine the hydrostatic pressure imposed by the height of the water column over the pressure sensor, the effect of atmospheric pressure has to be removed from the sensor readings. To accomplish this, a vented cable technology can be applied for measuring and compensating for atmospheric pressure [12]. In a vented or ‘relative’ sensor, through a small ventilation tube in the cable the atmospheric pressure is applied to the back of the sensor diaphragm and the pressure readings are adjusted to hydrostatic pressure measurements. In a non-vented or ‘absolute’ pressure sensor, such a vented cable is not connected to the device and the sensor measures all pressure forces detected by the strain gauge, including atmospheric pressure. In such a case, the local atmospheric pressure must be obtained from another device or nearby meteorological station in order to compensate for atmospheric pressure.



The main disadvantage of submersible pressure transducers is that they require relatively high levels of maintenance and could be damaged or destroyed by environmental conditions [13]. Being in contact with water, in the event of a flood, the debris in the river can sweep the sensor away. These sensors may be damaged or destroyed by lightning striking the water, by freezing temperatures, while they need calibration that usually requires the sensor to be sent back to the factory. Moreover, temperature variations may affect the accuracy of submersible units. To correct this effect, most of the new instruments have an integrated temperature sensor and by applying mathematical calculations in the sensor electronic circuitry they improve measurement accuracy [12].



On the other hand, recent developments using acoustic, radar and optical methods emerge with instrumentation that provides accuracy and convenience of measuring water surfaces without direct contact. The acoustic non-contact methodology for measuring the stage generally uses a high-frequency acoustic transducer that propagates a sound wave through the air perpendicular to the water surface. The reflected acoustic wave is received by the transducer, converted to an electrical signal and processed into a water–surface stage [12].



There are several advantages of non-contact sensors over sensors that require direct contact with water. Non-contact sensors allow for easy deployment and installation with the sensor attached to existing infrastructures, such as a bridge or structure directly over the water. Thus, the need to construct expensive stilling wells and fix a sensor under water is avoided. This is also the case with potential fouling, corrosion and damage from debris problems [14].



The disadvantage of measuring water stage with ultrasonic equipment is that the transmitted and reflected signals may be affected by obstacles such as snow, rain or dust, by turbulent water surfaces, and even by air turbulence along the sound path. Moreover, sound speed depends on the temperature and to a lesser degree on the relative humidity and the density of the atmospheric air circulating between the sensor position and the water surface, which in turn affects the accuracy in distance measurement [15,16]. However, with compensating for air temperature and relative humidity, limitations are greatly reduced. Many manufacturers have temperature compensation built into their devices, with the use of internal temperature sensors, enabling the improvement of the accuracy of the ultrasonic sensors [17].



Within the framework of the European water legislation [18], the Institute of Marine Biological Resources and Inland Waters (IMBRIW) of the Hellenic Centre for Marine Research (HCMR) is in charge of coordinating the national surface water monitoring program in Greece [19,20], comprised of systematic water sampling and laboratory analyses for water quality. To further contribute to the national monitoring of surface water bodies, it has identified areas where monitoring needs are more intense and would be benefited by the installation and operation of automatic telemetric stations [21]. Since 2019, the Institute has established and operates numerous automatic stations measuring in the real time water stage and physicochemical water parameters across 11 rivers in the continental Greece [22]. Among the installed stations there is an urban river site where water stage is not only measured by a submersible pressure transducer embedded in the multiparameter sonde of the automatic station, but at the same time by a non-contact ultrasonic sensor. The double monitoring of the water stage was chosen for research purposes within the framework of the research project OpenELIoT [23] but was selected at this site in particular due to the urban environment and the potential consequences in the case of river overflowing. It offers a great opportunity for useful comparisons between the two sensor types allowing us to draw conclusions regarding a possible superiority of one type over the other and decide whether a non-contact water stage sensor of tolerable cost can be of wider adoption for reliable monitoring of rivers in the future.




2. Materials and Methods


The river site of interest is located near the mouth (37.922411, 23.700816) of Pikrodafni stream, a surface water body with a highly urbanized catchment [24] and a partially channelized course within the metropolitan area of Athens, Greece (Figure 1). As a result of the relevant pressures, increased values of nitrates, polycyclic aromatic hydrocarbons and total coliforms have been reported [25] and the biological communities (riparian vegetation, fish, birds and macroinvertebrates) exhibit low diversity and poor structure [26].



The automatic station’s main component is the sonde In-Situ Aqua TROLL 500 [27] measuring in real-time four physicochemical parameters and the water stage, which is important for evaluating the water quantity conditions in the river, especially with a focus on low flow (drought) and high flow (flood) conditions. Water stage is in practice measured with a piezometric water sensor, a submersible pressure transducer embedded within the sonde with a vented cable for atmospheric pressure compensation. Once the hydrostatic pressure values have been obtained, the water depth h can be calculated by using the hydrostatic equation p = ρ ∙ g ∙ h, where p is the hydrostatic pressure, ρ is the water density and g is the gravitational acceleration. In the internal calculations of the sonde, the water density was set to 1000 kg/m3 and the gravitational acceleration was set to the conventional standard value of 9.81 m/s2.



Data recording with the AT500 started in late 2019, while for the needs of the data quality checks applied, data were subject to a two-stage quality control procedure before their online dissemination. As a first step, algorithms apply plausibility tests to observations with a pass/fail criterion based on predetermined allowable data ranges and variability to detect possibly erroneous values [28,29]. As described in detail in Panagopoulos et al. [22], a range test was first performed in order to identify values outside the expected natural limits of each variable, considering the instruments limits and the physical ranges of the corresponding variable. For example, the temperature allowable range was set between 0 and 30 °C, pH between 5 and 10 and dissolved oxygen between 4 and 11 mg/L [22]. A water stage that is more site-dependent is usually considered to range normally within 0–5 m above the river bed. A test of extreme values (extreme value test) follows by marking the greatest and smallest values within the entire data set, and a test of extreme differences of successive values within the data set (extreme difference test) also follows, which indicates the largest and smallest absolute changes of consecutive observations. Finally, the data quality check included a persistence test, which examined whether or not a variable had stopped varying with time, indicating a non-response of the sensor to changes in the values of the variable (stuck value test). In a second stage suspicious values were labeled using specific flags and examined through graphs to judge whether these measurements represent extreme natural phenomena and should be integrated in the entire data series without labeling or whether they are of poor quality and have to remain flagged. So far, the two-stage quality control procedure for the parameter of the water stage has shown that the recording does not meet any particular problems at any installed Aqua Troll instrument, including the Pikrodafni station of the present analysis [22].



At the same location of the Pikrodafni stream, for the measurement of the water stage, an HRXL-MaxSonar-WR ultrasonic sensor was installed, which is an in-air, non-contact object detection and ranging sensor, not affected by the color or other visual characteristics of the detected object (water in particular) [30]. The ultrasonic sensor was mounted on a bracket perpendicular to the water and emits pulses of a high frequency acoustic wave perpendicular to the water surface. The transmitted pulse travels towards the water surface was reflected and travelled back to the sensor. The sensor measured the round-trip time of the pulse and the distance from the sensor to water surface can be calculated by using the relationship d = (c ∙ t)/2, where d is the distance, t is the elapsed time and c is the speed of sound. Each time a HRXL-MaxSonar-WR sensor takes a distance reading, it calibrates itself. If the temperature, humidity or applied voltage changes during operation, the sensor will continue to function normally over the rated temperature range while applying compensation for changes caused by temperature and voltage. Since sound speed depends on air temperature and to a lesser degree on relative humidity, the HRXL-MaxSonar-WR sensor was equipped with an internal temperature sensor, which allows the sensor to apply compensation for the speed of sound changes. Moreover, the HRXL-MaxSonar-WR sensor performed an operating-voltage compensation for improved accuracy enabling superior rejection of outside noise sources and featured 1-mm resolution. To calculate the water stage, the ultrasonic measured values (distances from the sensor to water) were subtracted from the stable distance of the sensor from the river bed measured at installation.



Similarly, with the sonde, the mounting bracket of the ultrasonic sensor was attached to the masonry of the demarcated Pikrodafni stream. Figure 2 shows the installation site of the ultrasonic sensor and the pipe within which the multiparameter sonde AT500 was installed.



The data from the Pikrodafni sensors are transferred telemetrically (via GPRS) to a server at time intervals ranging from 10 min to 1 h (10 min was preferred here in order to have the largest possible dataset), they are stored in databases and are published on the OpenELIoT [23] project platform and on an HCMR central visualization platform [31], which combines all stations of the new automatic monitoring network [22]. It is worth mentioning that the data logger’s clock is set to standard time (UTC) to avoid confusion during the transition to or from daylight saving time.



For the needs of the present study, we used the whole water stage data series from the two sensors that are available for a common period of time. Thus, the water stage data used in the analysis were from 17 June 2020 until 27–February 2021 at a 10-min interval. This resulted to a large dataset containing more than 23,000 records of the water stage from the pressure transducer and the ultrasonic sensor respectively. Although the data did not cover a whole calendar year, they covered the largest parts of both dry (May to September) and wet (October to April) periods. Thus, they included a quite long period of low flows and a representative period within winter with stage/flow peaks, respectively.



It is worth mentioning that the instrument AT500 functions using in the internal calculations for the water density the constant value of 1000 kg/m3 and for the gravitational acceleration the conventional standard value of 9.81 m/s2. Nevertheless, the water density depends on water temperature and the gravitational acceleration depends on latitude. Specifically, water density varies as a function of water temperature    t w    and this dependence can be expressed in terms of the international temperature scale of 1990 (ITS-90) [32] as:


  ρ = 999.97495 ·   1 −        t w  − 3.983035    2  ·    t w  + 301.797     522528.9 ·    t w  + 69.34881        



(1)







In addition, following the World Geodetic System 1984 (WSG 84) the numerical form (DMA [33,34]) of gravitational acceleration is:


  g = 9.7803267714 ·   1 + 0.001931851381639 ·   sin  2  φ     1 − 0.0066943999013 ·   sin  2  φ          



(2)




where φ is the latitude.



To test the accuracy of the internal calculations, we recalculated the water stage values using the most accurate expressions of the terms of the hydrostatic equation. We found a close match between the modified and the AT500 original water stage values exhibiting a high correlation (r2 = 0.99). The differences between the modified and the AT500 original water stage values range between 0.1 and 0.5%, which fall within the accuracy limits of the device. Therefore, in the analysis we decided to proceed with the AT500 original measurements.



Air temperature and water temperature data at 10-min intervals were also used in the analysis from the nearby meteorological station and the water temperature sensor of the multiparameter sonde, respectively. For analyzing the time-series data we used the Minitab statistical software [35] and the Microsoft Office Excel. We applied regressions between the subhourly data series from the two sensor types, calculated the percentage deviations of the pressure transducer stages from the ultrasonic sensor ones, applied correlations of the deviations and the stage data with air and water temperature data and we calculated statistics of the stage time-series and temperatures. To further investigate the main interrelationships, we also visualized fluctuations of water stages, their differences between the two sensor types, and temperatures, from selected shorter time-periods representative of the dry and wet periods.




3. Results


A direct correlation of the entire pressure transducer (AT500) and ultrasonic water stage data series was first applied to obtain a general overview of their relationship. As shown in Figure 3, the correlation was strong revealing that the sensors did not deviate considerably from each other at any level of the water stage recorded within the 9-month period with available data. Water stage minima were consistently in agreement, at around 80–100 cm, and could rise up to 200–220 cm during high flow episodes.



A statistical analysis with the Minitab software package calculated the means, standard deviations, minimum, maximum and the 1st, 2nd (median) and 3rd quartiles of the stage data and the deviations. The results are summarized in Table 1. As far as water stages are concerned, all parameters were comparable showing a similar spread of the recorded from the two sensors values. The deviations were calculated as the percentage differences of the pressure transducer values (p) from the ultrasonic sensor values (u) keeping as reference the first: 100 × (u − p)/p. It is worth noting that since less than 25% of the deviation data values were negative (Q1 for deviations is positive in Table 1), the majority of the ultrasonic measurements were greater than the respective pressure transducer ones.



The water stage deviations between the two sensors were also plotted with the date in the diagram of Figure 4a, while in Figure 4b they were plotted for each month with available data (nine months in total). As shown in Figure 4a, absolute deviations were never greater than 7% and actually from Table 1 the maximum deviation was 6.1349%. However, there was a clear tendency of the ultrasonic sensor to record a higher water stage than the pressure transducer sensor in the greatest part of the period with available data. In particular, there were positive deviations (higher ultrasonic recordings) throughout the time-period, but especially during the driest period of the year, from July to September, the vast majority of deviations were above zero (Figure 4a,b). This is also the case, but to a lesser extent, with June and October. Thus, within most of the dry period of the year, when rare or no high flow events occurred at Pikrodafni stream, the water stage from the multiparameter sonde was lower than the auxiliary recording from the ultrasonic sensor. On the other hand, during all months of the wet period with available data (November 2020–February 2021) deviations interchanged between the above and below the zero level with majority of them being negative.



With the Minitab software package, the Pearson correlation coefficients (Pearson’s r) between all the parameters of interest were then calculated, namely, water stages from the two sensors, deviations (%) of the ultrasonic stages from the pressure transducer ones, air temperature and water temperature. The correlation results are summarized in Table 2.



Obviously, the maximum correlation coefficient was observed for the two stage data series (pressure and ultrasonic) that revealed a covariation of the water stage, as has already been implied by Figure 3. This is the case for the two time-series of temperature showing that water temperature generally followed the fluctuation of air temperature (coefficient 0.958 in Table 2). For all other parameters, correlation coefficients were rather weak, with some of them being close enough to zero. For example, the % deviation was not correlated with water stages, thus, deviation magnitude could not be associated with the magnitude of water levels in the river. Similarly, both air and water temperatures did not seem to have any remarkable correlation with the absolute stages recorded (coefficients in Table 2 between −0.330 and −0.062), with the negative signs here being simply resulted from the fact that high temperatures in the dry period were obviously associated with low flows and river water stages. On the other hand, it seems that a much stronger correlation existed between water and air temperatures and the percentage deviations of stages from the two sensor types, being around 0.7 (see Table 2). The positive signs reveal a positive correlation, which may imply that highly positive deviations (ultrasonic stage measurements being higher than pressure measurements) were mostly associated with high temperatures, possibly in the dry period of the year when normal flow conditions predominated, while during periods of temperature decline the two sensors data became closer, resulting in lower percentage deviations.



Indeed, by creating the correlation graphs of Figure 5 between % deviations and temperatures, the positive nature of the correlation was confirmed. We see that either with a water or air temperature increase the sign of deviation shifted from negative to positive. There were two big clouds of data-pairs, one in the negative and the other in the positive side of deviations (x axis); however, the majority of the 10-min stage deviations were lying in the positive side. Moreover, the positive deviations (pressure stages being lower than the ultrasonic stages) reached a higher maximum between 6 and 7% (maximum 6.13% in Table 1) than the negative ones which had their lowest at around −5% (5% in absolute terms, minimum −5.26% in Table 1).



To shed light on the phenomenon, two shorter periods of a few days were inspected with regard to the fluctuation of all the parameters of interest. Figure 6a depicts the ultrasonic and pressure stages fluctuation within a 10-d period in August-September, along with the fluctuation of water and air temperatures occurring at the same period. First of all, it can be noted that, as expected, water temperature was consistently lower than air temperature. Actually, by inspecting closely the graph, water temperature variation follows air temperature fluctuations with a 2-h response time. Ultrasonic water stage fluctuated within a 4-cm range, from 84 up to 88 cm, during the 10-d period of analysis when no rainfall occurred. On the other hand, the pressure transducer stages fluctuation was narrower between 83 and 85 cm, always lower than the ultrasonic stages. What is of particular interest is how the ultrasonic stages fluctuated within the rather small 4-cm stage range when no rainfall and significant runoff had occurred for days. It is shown that the ultrasonic water stage reductions coincided with the air temperature peaks. Thus, at noon or afternoon when temperatures reached their maximums above 30 °C, the ultrasonic sensor was influenced and the recorded stage declined by 2–3 cm.



As the pressure stages did not strictly follow the same pattern and given that their fluctuations were lying within a smaller range, the produced deviations between the two sensors were attributed to the ultrasonic sensor instability. In fact, temperature peaks caused the least difference in stages resulting in close to zero deviations but during the night and morning times when temperature was lower, deviations approached their positive maximums, close to 6% as shown in the bottom graph of Figure 6b.



A similar double graph was created in Figure 7 for a 10-d period in February. As being in the winter season, stage peaks occurred and were alternated with low flow conditions. First of all, air temperatures ranged between 0 and 20 °C, with water temperature varying much less and fluctuating within the smaller range of 8–13 °C. From February 20 the water temperature changes followed atmospheric ones with a response time of almost 4–5 h. The graph shows an almost perfect agreement between the two stage recorders, which measured water stage with negligible differences (Figure 7a). Thus, the deviations calculated did not exceed the level of −3% as shown in the bottom graph (Figure 7b). However, although they were small, all deviation peaks occurred when air temperature was peaking, with a negative sign due to the (slightly) lower ultrasonic measurements compared to the pressure ones. Excluding the dates with stage peaks, which were obviously caused by increased streamflow, the no-peak hydrologic conditions occurred in 19–20 and 22–23 February revealed a similar behavior of the ultrasonic sensor over air temperature with the behavior observed in the summer period of Figure 6a. Simultaneously with air temperature highs, ultrasonic stages were on their lows, creating observable gaps with the corresponding pressure stages. Thus, even the winter graph of Figure 7a confirms an existing sensitivity of the ultrasonic sensor to air temperature under stable hydrologic conditions. This sensitivity was however, smaller in winter than in summer, in absolute terms. Moreover, while ultrasonic stages were mostly superior in the dry period, they appeared to be slightly inferior in the wet period compared to the stages from the pressure transducer.




4. Discussion and Conclusions


The data and statistics presented in this paper were based on the measured water stage in the urban Pikrodafni stream of the metropolitan area of Athens from an ultrasonic sensor and a submersible pressure transducer. The data can be directly comparable since the sensors were located at the same point, which was close to the stream outlet to the sea, while they both counteracted or corrected the undesired influence of the meteorological conditions. Specifically, the ultrasonic sensor had an internal temperature sensor for air temperature compensation and the pressure transducer had a vented cable for barometric pressure compensation.



From the 9-month concurrent measurements, it was clearly shown that water stages from the two sensors had strong covariance both during the wet and dry periods of the year. However, ultrasonic measurements were for most of the time higher than the pressure transducer ones, as shown in Figure 4, especially during the dry period of the year characterized by stable, low flow hydrologic conditions in the stream, with the opposite occurring during periods of the wet season when low flow conditions alternated with higher flow events. As a result, deviations, which were calculated as the percentage differences of pressure stages from the ultrasonic stages, were positive for the greatest part of the time period of the study, which was characterized by relatively high temperatures and low flow conditions, and negative for the shorter cold period of the winter with flow highs. In practice, this can be much related to the operating principle of the ultrasonic sensors, which are sensitive to air temperature. Their sensitivity was however smaller in winter than in summer, in absolute terms, with the higher sensitivity under warm conditions being responsible for the larger deviations of the ultrasonic measurements from the pressure transducer ones. Ultrasonic stages superiority in the warm period was obviously caused by a speed of sound increase under warm atmospheric conditions, which resulted in a small underestimation of the distance from the sensor to the water surface, which was equivalent to a small water stage overestimation (distance from the river bed to the water surface). In this way, and despite any compensation for speed of sound changes, ultrasonic water stages appeared consistently higher than the pressure transducer ones during the warm period of the year, while under the colder conditions of the winter period they appeared to be mostly, but not consistently, lower than the respective measured stages from the pressure transducer.



From the analysis of water stages in parallel with water and ambient temperatures it was shown that the latter was connected with an ultrasonic instability under no sudden hydrologic cause. Diurnal air temperature variations caused the ultrasonic sensor to fluctuate periodically, with stage highs occurring within the day simultaneously with temperature lows, causing the greatest stage deviation from the stage measured by the quite stable pressure transducer. However, even this instability can still be acceptable, since absolute deviations of the ultrasonic sensor from the pressure sensor never exceeded 7%. Especially for the crucial, water stage peaks recorded, deviations were the lowest, with both sensors performing similarly.



A relevant study to the testing of ultrasonic sensors has reported that more than three years of ultrasonic water stage data in streams with normal water stages less than 50 cm in Iowa US, revealed an ultrasonic instability at the level of ±7cm (±15%) on average, with sensors having a strong diurnal cycle behavior [16]. To reduce the error, two methods of compensation were developed. The first substituted the sensor’s internal air temperature compensation using air temperature from a nearby weather station and only reduced the fluctuations by 2 cm on average. The second method however, predicted local air temperature of the stream channel based on the energy balance of the channel and corrected the fluctuations to the order of 1 cm. From these results, it is believed that the 3–4 cm maximum fluctuation range of the ultrasonic sensor at Pikrodafni stream, along with the <7% deviations of the ultrasonic instant measurements from the respective pressure transducer ones did not necessarily require further air temperature compensation. However, a perfect temperature compensation can still be possible for the elimination of the ultrasonic error in the future. Specifically, as a next step to this study, it would be worth investigating the performance of the acoustic compensator in terms of the variability of the speed of sound as a function of the air temperature measured by the sensor and the possible overheating of the sensor and the possible effect on its operation. For the latter, a better temperature measurement would be needed from an external temperature sensor under no direct sun exposure, which would allow for the most accurate temperature compensation, by allowing temperature readings to be taken that better reflect the composite temperature of the acoustic ranging path.



It has to be noted that the automatic monitoring of Greek rivers is a recently started and still ongoing effort, which needs additional time of stations operation to ensure the optimum instruments adjustment, which in turn will ensure the best accuracy of measured data. In particular, for the ultrasonic sensor that is investigated in the present paper, additional time of concurrent measurements with the pressure transducer and the deployment of additional ultrasonic sensors in bigger rivers or even in river sites with higher diurnal temperature fluctuations are needed to support our preliminary conclusions. For example, the use of a certain ultrasonic sensor in this work [30] may have caused inaccuracies in water stage measurements when its internal calibration algorithm works for temperature compensation. Even the sensitivity of measurements to temperature peaks, as shown in Figure 6 and Figure 7, may be partly attributed to excessive calibration of the sensor. Hence, the use of any other sensor of another type could cause slightly different measurements of the water stage due to its particular temperature compensation procedure. This deserves our attention in the future when we will have a larger number of ultrasonic sensors, established in Greek rivers, possibly from different manufacturers, to further judge their accuracy through comparisons.



A recent work has also shown that water level measurements from an ultrasonic sensor can be improved if an algorithm scans the time-series data for removing outliers and random errors such as the ones caused by small waves [36]. From the experience with the Pikrodafni urban stream in the case study of our paper and the relatively short time-series that is already available though, no significant outliers are observed, while errors due to random factors are not expected to be high. However, such an automatic algorithmic process for smoothing the data [36] may exclude the majority of abnormal values in the future when longer ultrasonic time-series data are expected.



From the analysis of this paper, it is concluded that the extensive use of submersible pressure transducers for river stage monitoring, as is the case in the Greek network so far, should be maintained due to the stability and reliability of those sensors. However, even the sensitivity of an ultrasonic sensor to meteorological conditions observed in this study was not significant to indicate a clear inferiority against pressure instruments. Thus, due to the flexibility in their place of installation, non-contact systems such as ultrasonic sensors, present a significant alternative solution in a number of cases, where submersible instruments are prone to gradual wear (e.g., from corrosion), direct damage from debris collision or acts of vandalism. Using a non-contact system not exposed to the constant degradation caused by water and transported materials is always convenient at inaccessible sites and certainly reliable, if accompanied by an accurate air temperature compensation.







Author Contributions


Conceptualization, Y.P., A.P. and E.D.; Methodology, Y.P., A.P., G.P., E.N. and E.D.; software, Y.P., A.P., G.P. and E.D.; validation, Y.P., A.P. and E.D.; formal analysis, Y.P., A.P., G.P., E.N. and E.D.; investigation, Y.P., A.P. and E.D.; resources, Y.P., A.P., G.P., E.N. and E.D.; data curation, Y.P., A.P. and E.D.; writing—original draft preparation, Y.P., A.P. and E.D.; writing—review and editing, Y.P., A.P., G.P. and E.D.; visualization, Y.P., A.P., G.P. and E.D.; supervision, A.P. and E.D.; project administration, A.P. and E.D.; funding acquisition, A.P. and E.D. All authors have read and agreed to the published version of the manuscript.




Funding


The implementation phase (2018–2021) of the “Open Internet of Things infrastructure for online environmental services, OpenELIoT”, co-financed by the European Union and Greek national funds through the Operational Program Competitiveness, Entrepreneurship and Innovation, under the call RESEARCH—CREATE—INNOVATE (project code: Τ1EDK-01613).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The water stage data from the In-situ AT500 (pressure transducer) instrument and the ultrasonic water stage data are available online at: https://www.openeliot.com/en/ (accessed date: 5 April 2021). The pressure transducer data are also available through the HCMR central online platform at: https://hydro-stations.hcmr.gr/pikrodafni-station/ (accessed date: 5 April 2021) which disseminates the real-time water quantity and quality data recorded from all stations of the Greek monitoring network.




Acknowledgments


The authors should thank the personnel of the Institute of Marine Biological Resources and Inland Waters of HCMR for the continuous support with the organization and dissemination of the real-time data through the HCMR central online platform.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wagner, R.J.; Boulger, R.W., Jr.; Oblinger, C.J.; Smith, B.A. Guidelines and Standard Procedures for Continuous Water-Quality Monitors-Station Operation, Record Computation and Data Reporting; U.S. Geological Survey: Reston, VA, USA, 2006. [CrossRef]

	



World Meteorological Organization. Guide to Hydrological Practices (WMO-No. 168), 6th ed.; Volume I: Hydrology—From Measurement to Hydrological Information; World Meteorological Organization: Geneva, Switzerland, 2008; p. 296. [Google Scholar]

	



World Meteorological Organization. Guide to Hydrological Practices (WMO-No. 168), 6th ed.; Volume II: Management of Water Resources and Application of Hydrological Practices; World Meteorological Organization: Geneva, Switzerland, 2009; p. 302. [Google Scholar]

	



Meyer, A.M.; Klein, C.; Fünfrocken, E.; Kautenburger, R.; Beck, H.P. Real-time monitoring of water quality to identify pollution pathways in small and middle scale rivers. Sci. Total Environ. 2019, 651, 2323–2333. [Google Scholar] [CrossRef]

	



Gujral, A.; Bhalla, A.; Biswas, D.K. Automatic water level and water quality monitoring. In Proceedings of the Ninth Symposium on Field Measurements in Geomechanics, Sydney, Australia, 9–11 September 2015; Dight, P.M., Ed.; Australian Centre for Geomechanics: Perth, Australia, 2015; pp. 511–523. [Google Scholar]

	



Porter, J.; Arzberger, P.; Braun, H.-W.; Bryant, P.; Gage, S.; Hansen, T.; Hanson, P.; Lin, C.C.; Lin, F.P.; Kratz, T.; et al. Wireless sensor networks for ecology. BioScience 2005, 55, 561–572. [Google Scholar] [CrossRef]

	



Collins, S.L.; Bettencourt, L.M.A.; Hagberg, A.; Brown, R.F.; Moore, D.I.; Bonito, G.; Delin, K.A.; Jackson, S.P.; Johnson, D.W.; Burleigh, S.C.; et al. New opportunities in ecological sensing using wireless sensor networks. Front. Ecol. Environ. 2006, 4, 402–407. [Google Scholar] [CrossRef]

	



Benson, B.J.; Bond, B.J.; Hamilton, M.P.; Monson, R.K.; Han, R. Perspectives on next-generation technology for environmental sensor networks. Front. Ecol. Environ. 2009, 8, 193–200. [Google Scholar] [CrossRef]

	



Wong, B.P.; Kerkez, B. Real-time environmental sensor data: An application to water quality using web services. Environ. Model. Softw. 2016, 84, 505–517. [Google Scholar] [CrossRef]

	



Kumar, A. Stage-Discharge Relationship. In Encycl. Snow, Ice Glaciers; Singh, V.P., Singh, P., Haritashia, U.K., Eds.; Springer: Dordrecht, The Netherlands, 2011; pp. 1079–1081. [Google Scholar]

	



Sauer, V.B.; Turnipseed, D.P. Stage Measurement at Gaging Stations: U.S. Geological Survey Techniques and Methods; Book 3, Chapter A7; U.S. Geological Survey: Reston, VA, USA, 2010; 45p.

	



WMO (World Meteorological Organization). Manual on Stream Gauging Vol I—Fieldwork; Technical Report No. 1044; World Meteorological Organization: Geneva, Switzerland, 2010; ISBN 978-92-63-11044-2. [Google Scholar]

	



Lo, S.-W.; Wu, J.-H.; Lin, F.-P.; Hsu, C.-H. Cyber Surveillance for Flood Disasters. Sensors 2015, 15, 2369–2387. [Google Scholar] [CrossRef]

	



Abubakr, R.A.M.; Wang, G.W. Real TimeWireless Flood Monitoring System Using Ultrasonic Waves. Int. J. Sci. Res. 2014, 3, 100–103. [Google Scholar]

	



Kruger, A.; Krajewski, W.F.; Niemeier, J.J.; Ceynar, D.L.; Goska, R. Bridge-Mounted River Stage Sensors (BMRSS). IEEE Access 2016, 4, 8948–8966. [Google Scholar] [CrossRef]

	



Tekle, T.T. “Ultrasonic Stream Bridge Sensors (USBS) Error in Water Level Estimation”. Master’s Thesis, University of Iowa, Iowa City, IA, USA, 2014. [Google Scholar] [CrossRef]

	



Moreno, C.; Aquino, R.; Ibarreche, J.; Pérez, I.; Castellanos, E.; Álvarez, E.; Rentería, R.; Anguiano, L.; Edwards, A.; Lepper, P.; et al. RiverCore: IoT Device for River Water Level Monitoring over Cellular Communications. Sensors 2019, 19, 127. [Google Scholar] [CrossRef]

	



WFD 2000/60/EC. European Parliament & Council. Directive 2000/60/EC of the European Parliament and of the council of 23 October 2000 Establishing a framework for community action in the field of water policy. Off. J. Eur. Communities 2000, 327, 1–73.

	



Stefanidis, K.; Papaioannou, G.; Markogianni, V.; Dimitriou, E. Water Quality and Hydromorphological Variability in Greek Rivers: A Nationwide Assessment with Implications for Management. Water 2019, 11, 1680. [Google Scholar] [CrossRef]

	



Stefanidis, K.; Christopoulou, A.; Poulos, S.; Dassenakis, E.; Dimitriou, E. Nitrogen and Phosphorus Loads in Greek Rivers: Implications for Management in Compliance with the Water Framework Directive. Water 2020, 12, 1531. [Google Scholar] [CrossRef]

	



Mentzafou, A.; Panagopoulos, Y.; Dimitriou, E. Designing the National Network for Automatic Monitoring of Water Quality Parameters in Greece. Water 2019, 11, 1310. [Google Scholar] [CrossRef]

	



Panagopoulos, Y.; Konstantinidou, A.; Lazogiannis, K.; Papadopoulos, A.; Dimitriou, E. A New Automatic Monitoring Network of Surface Waters in Greece: Preliminary Data Quality Checks and Visualization. Hydrology 2021, 8, 33. [Google Scholar] [CrossRef]

	



OpenELIoT. Integrated & Economic Sustainable Solution Internet of Things for the Monitoring and Analysis of Environmental Parameters Related to Surface Water. Available online: https://www.openeliot.com/en/ (accessed on 1 October 2020).

	



Mentzafou, A.; Varlas, G.; Papadopoulos, A.; Poulis, G.; Dimitriou, E. Assessment of Automatically Monitored Water Levels and Water Quality Indicators in Rivers with Different Hydromorphological Conditions and Pollution Levels in Greece. Hydrology 2021, 8, 86. [Google Scholar] [CrossRef]

	



Markogianni, V.; Anastasopoulou, E.; Tsoupras, A.; Dimitriou, E. Identification of Pollution Patterns and Sources in a Semi-Arid Urban Stream. J. Ecol. Eng. 2018, 19, 99–113. [Google Scholar] [CrossRef]

	



Dimitriou, E.; Markogianni, V.; Mentzafou, A.; Karaouzas, I.; Zogaris, S. Ecological status assessment of Pikrodafni stream Attica, Greece, restoration and management measures. Desalin. Water Treat. 2015, 56, 1248–1255. [Google Scholar] [CrossRef]

	



In-Situ Inc. In-Situ Aqua TROLL 500 Multiparameter Probe Spec Sheet Jan. 2020. Available online: https://in-situ.com/en/aqua-troll-500-multiparameter-sonde (accessed on 25 April 2021).

	



Campbell, J.L.; Rustad, L.E.; Porter, J.H.; Taylor, J.R.; Dereszynski, E.W.; Shanley, J.B.; Gries, C.; Henshaw, D.L.; Martin, M.E.; Sheldon, W.M.; et al. Quantity is Nothing without Quality: Automated QA/QC for Streaming Environmental Sensor Data. BioScience 2013, 63, 574–585. [Google Scholar] [CrossRef]

	



Taylor, J.R.; Loescher, H.L. Automated quality control methods for sensor data: A novel observatory approach. Biogeosciences 2013, 10, 4957–4971. [Google Scholar] [CrossRef]

	



HRXL-MaxSonar®-WR™ Series. Available online: https://www.maxbotix.com/documents/HRXL-MaxSonar-WR_Datasheet.pdf (accessed on 5 April 2021).

	



HCMR Online Hydro-Stations Platform. Available online: https://hydro-stations.hcmr.gr/ (accessed on 1 July 2021).

	



Tanaka, M.; Girard, G.; Davis, R.; Peuto, A.; Bignell, N. Recommended table for the density of water between 0 °C and 40 °C based on recent experimental reports. Metrologia 2001, 38, 301–309. [Google Scholar] [CrossRef]

	



The Defense Mapping Agency. Department of Defense World Geodetic System 1984—Its Definition and Relationships with Local Geodetic Systems, TR8350.2; National Imagery and Mapping Agency: St. Louis, MO, USA.

	



DMA. Digital Chart of the World; Defense Mapping Agency: Fairfax, VA, USA, 1992. Available online: https://www.ngdc.noaa.gov/mgg/topo/report/s5/s5Avii.html (accessed on 3 May 2021).

	



Minitab Statistical Software. Available online: https://www.minitab.com/en-us/ (accessed on 5 April 2021).

	



Bae, I.; Ji, U. Outlier Detection and Smoothing Process for Water Level Data Measured by Ultrasonic Sensor in Stream Flows. Water 2019, 11, 951. [Google Scholar] [CrossRef]








[image: Sensors 21 04689 g001 550] 





Figure 1. (From Mentzafou et al. [24].) The Pikrodafni urbanized catchment and the homonymous stream within the metropolitan area of Athens, Attica region, Greece. 
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Figure 2. Two views (a,b) of the installation of the Hellenic Centre for Marine Research (HCMR) multiparameter sonde AT500 (including the pressure transducer) within the pipe attached to the wall and the ultrasonic sensor at the edge of the mounting bracket attached to the wall for water stage monitoring at the Pikordafni stream in the Attica region. 
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Figure 3. Correlation between water stages (in cm) measured with the pressure transducer and the ultrasonic sensor at Pikrodafni stream. 
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Figure 4. Percentage deviations of the measured pressure transducer water stages from the ultrasonic stages at Pikrodafni stream: (a) throughout the common period with available data from both sensors and (b) per month (nine months of available data). 






Figure 4. Percentage deviations of the measured pressure transducer water stages from the ultrasonic stages at Pikrodafni stream: (a) throughout the common period with available data from both sensors and (b) per month (nine months of available data).



[image: Sensors 21 04689 g004]







[image: Sensors 21 04689 g005 550] 





Figure 5. Percentage deviations of the pressure transducer water stages from the ultrasonic stages at Pikrodafni stream vs. (a) water temperature and (b) air temperature. 
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Figure 6. A selected 10-d summer period of observation at Pikrodafni stream: (a) ultrasonic and pressure water stages vs. temperatures and (b) deviations (%) of pressure stages from ultrasonic stages vs. temperatures. 
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Figure 7. A selected 10-d winter period of observation at Pikrodafni stream: (a) ultrasonic and pressure water stages vs. temperatures and (b) deviations (%) of pressure stages from ultrasonic stages vs. temperatures. 
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Table 1. Main statistics calculated for the ultrasonic and pressure water stage data values (N = 23,358).






Table 1. Main statistics calculated for the ultrasonic and pressure water stage data values (N = 23,358).





	Variable
	Mean
	StDev
	Min
	Q1
	Median
	Q3
	Max





	Ultrasonic stages (u)
	85.220
	4.293
	78.801
	82.801
	84.601
	86.989
	212.976



	Pressure stages (p)
	83.477
	4.163
	79.248
	81.991
	83.210
	84.430
	221.590



	% Deviation (100 × (u − p)/p)
	2.0989
	1.8741
	−5.2639
	0.4843
	2.6066
	3.5947
	6.1349
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Table 2. Pearson correlation coefficients (r) between water stages measured by the ultrasonic and the pressure transducer sensors, air temperature and water temperature based on the entire data set available (10-min values within 17 June 2020–27 February 2021).
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	Ultrasonic Stage
	Pressure Stage
	Deviation (%)
	Air Temp





	Pressure stage
	0.935
	
	
	



	Deviation (%)
	0.129
	−0.229
	
	



	Air Temp
	−0.096
	−0.330
	0.670
	



	Water Temp
	−0.062
	−0.321
	0.737
	0.958
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