

  hydrology-09-00013




hydrology-09-00013







Hydrology 2022, 9(1), 13; doi:10.3390/hydrology9010013




Communication



Establishing Stage–Discharge Rating Curves in Developing Countries: Lake Tana Basin, Ethiopia



Teshager A. Negatu 1,2, Fasikaw A. Zimale 1,*[image: Orcid] and Tammo S. Steenhuis 1,3,*[image: Orcid]





1



Faculty of Civil and Water Resource Engineering, Bahir Dar Institute of Technology, Bahir Dar University, Bahir Dar, Ethiopia






2



Abbay Basin Development Office, Bahir Dar, Ethiopia






3



Department of Biological and Environmental Engineering, Cornell University, Ithaca, NY 14850, USA









*



Correspondence: fasikaw@gmail.com (F.A.Z.); tss1@cornell.edu (T.S.S.); Tel.: +251-91-870-1064 (F.A.Z.); +1-607-255-2489 (T.S.S.)







Academic Editor: Alain Dezetter



Received: 1 December 2021 / Accepted: 30 December 2021 / Published: 12 January 2022



Abstract

:

A significant constraint in water resource development in developing countries is the lack of accurate river discharge data. Stage–discharge measurements are infrequent, and rating curves are not updated after major storms. Therefore, the objective is to develop accurate stage–discharge rating curves with limited measurements. The Lake Tana basin in the upper reaches of the Blue Nile in the Ethiopian Highlands is typical for the lack of reliable streamflow data in Africa. On average, one stage–discharge measurement per year is available for the 21 gaging stations over 60 years or less. To obtain accurate and unique stage–discharge curves, the discharge was expressed as a function of the water level and a time-dependent offset from zero. The offset was expressed as polynomial functions of time (up to order 4). The rating curve constants and the coefficients for the polynomial were found by minimizing the errors between observed and predicted fluxes for the available stage–discharge data. It resulted in unique rating curves with R2 > 0.85 for the four main rivers. One of the river bottoms of the alluvial channels increased in height by up to 3 m in 60 years. In the upland channels, most offsets changed by less than 50 cm. The unique rating curves that account for temporal riverbed changes can aid civil engineers in the design of reservoirs, water managers in improving reservoir management, programmers in calibration and validation of hydrology models and scientists in ecological research.
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1. Introduction


Accurate stream flow records are indispensable in hydrologic information systems, water resources and flood plain management, disaster warning, and validation of models at catchment and basin-wide scales [1,2,3]. These discharge records are obtained by converting the semi-continuous measurement of the river stage using stage–discharge relationships (also called rating curves).



The scientific literature on quantifying discharge is primarily concerned with the uncertainty of rating curve measurements, including inaccuracies in the calibration of the flow measurement instrumentation and the uncertainty in estimating the parameters to changes in river geometry [4,5,6,7,8,9].



All research on the rating curve uncertainty has been carried out in data-rich environments in developed countries with funded and well-functioning institutions where stage-discharge measurement and related environmental data are regularly taken [4,8]. In one of the few manuscripts recognizing that data is scarce, Manfreda [10] proposed a method to accurately calculate high discharges from existing intermediate discharge measurements by taking the channel shape and wetted perimeter into account. None of these studies address improving rating curves in developing nations where the maintenance of a stream gauge network is poor because funds are unavailable [11] and the personnel is inexperienced. Consequently, stage–discharge measurements are infrequent in developing countries [12,13].



One of these regions with scarce records is the 15,094 km2 Lake Tana basin in the headwaters of the Blue Nile in the Ethiopian Highlands. However, detailed knowledge about its resources is lacking due to insufficient monitoring in the past. About 30% of the data set for the gauging stations in the Tana basin were observed during the last five years (2016–2021). The river in the basin with the most measurements is the Gumara. It drains a 1302 km2 area and has 149 stage–discharge measurements during the past 60 years. The Gilgel Abbay, the largest river in the basin, has only 30 stage–discharge measurements over the same 60 years period. For all rivers, significant data gaps exist during political turmoil and conflicts.



Like other developing regions, the Ethiopian Highlands have a monsoon climate where large storms often rearrange the stream by either sedimentation or scouring [2,14], shifting the rating curve [4,15,16,17]. The calibration of stage–discharge curves [17] for these rivers is crucial for accurate streamflow records, especially in areas where channel bed elevations change.



Lake Tana basin, as a development corridor, is entertaining significant investments in the water sector. The planning of projects in this basin is hampered by a lack of accurate long-term streamflow data. Current methods used by planners and engineers in Ethiopia include finding separate rating curves for short periods [18,19]. Several rating curves are developed from the measurements over short periods without considering preceding or successive information with rating curve coefficients outside the range expected for natural streams. These rating curves are only suitable for ranges within measured discharges and result in unrealistic discharge estimates outside the measurement range. So, the objective is to develop a simple method for developing rating curves that account for temporal changes in the stream channel bed.



The method is tested in the Lake Tana Basin in Ethiopia. The procedures developed are valid for other locations where streamflow records are infrequent, and stage–discharge curves were not updated regularly. It also allows for determining the uncertainty in the measured discharge data.




2. Materials and Methods


2.1. Study Area


2.1.1. The Lake Tana Basin and Its River System


The 3014 km2 Lake Tana occupies a shallow depression in Ethiopian highlands. It is the source of the Blue Nile that was formed by a lava dam [20]. Four principal rivers, Gumara, Ribb, Megech, Gilgel Abbay, and 40 small creeks, feed the lake from the 12,080 km2 basin (Figure 1). The Gumara and Ribb watersheds are situated in the eastern part of the Lake Tana basin, accounting for 30% of the total basin area (Figure 1). The Gilgel Abbay watershed in the south is the largest, draining 31%, and the Megech is in the north, the smallest of the four watersheds has an area of 460 km2. The elevation in the basin ranges from the average lake level at 1786 m a.s.l to 4135 m a.s.l. The primary land use in the basin is subsistence agriculture.



The Lake Tana basin is undergoing rapid development. Agriculture has been intensifying since the 1950s [12], which increased erosion in the uplands and sedimentation in the flood plains. The Ethiopian government designated the Lake Tana basin as a growth corridor in 2009 as part of the Growth and Transformation Plan [21,22,23,24,25,26]. As a component of this effort, the Koga and Ribb dams were built to store water for irrigation in the dry monsoon phase [27,28]. The Seraba pump irrigation system is partially operational. Two other dams (Jemma and Gilgel Abbay) are planned for the upcoming years. In 2010, Beles hydroelectric power became operational [29] through a tunnel from Lake Tana to the Beles. Ultimately, 80,000 ha will be irrigated in the Lake Tana basin [18,30].




2.1.2. Gauging Stations and Data Collection


Stage–discharge measurements for 21 gauging stations in the Lake Tana basin were obtained from the Abbay Basin Authority (ABA). The gauging stations are listed in Table 1, and the locations are shown in Figure 1. At these gauging stations, the daily discharges were measured by a current meter in wading or otherwise from existing bridges by operating on cranes (Figure 2). Records were available from the Ministry of Water Resources Irrigation and Electricity (MoWIE) and Abbay Basin Development Office (ABDO) for the four major rivers for 60 years for the Gilgel Abbay, Ribb, Gumara, and Megech (Table 1). The Kirari station near Addis Zemen had the shortest record of three years (Table 1).



In addition, during 2019 and 2020, stage–discharge measurement and surveys of cross-sections were measured for the following stream gauges: Gilgel Abbay at Bikolo, Koga at Bikolo, Gumara at Woreta (Figure 1 and Figure 2a), Ribb near Addis Zemen (Figure 1 and Figure 2b), Megech at Azezo, Dirma at Koladeba, Abbay at Bahir Dar Peda below the outlet of Lake Tana. The total number of observations varied greatly from 149 for the lower reaches of the Gumara to 16 for Jemma near Bikolo (Table 1). The stage–discharge measurements for the four main rivers started in 1960 (Table 1). Unfortunately, data were not collected for many stations during unrest between 1970 and 1980 and 1997 to 2004.



The flow control conditions varied among stations and ranged from unstable in the alluvial plains with a low conveyance capacity to stable channel control in the uplands [33,34]. The heavy erosion in the uplands of Lake Tana increased the elevation of the flood plain and the bottom of the channel. The bottom of the stream channel of Gumara at Woreta is increased by about 2 m [35], and the Ribb near Addis Zemen increased by 3 m [12]. The other station affected is Megech at Azezo (Table 1; Figure 1). The remaining stations are in uplands with moderate to steep gradients where the river cross-sections change due to the transport of boulders and cobbles at times of high discharge leading to either deposition or scouring (Table 1). Therefore, fitting a single rating curve with a constant offset to all stage–discharge measurements leads to inaccurate discharge estimates [13,36,37].





2.2. Methods


2.2.1. The Rating and Offset Equations


Stage–discharge rating curves convert recorded water levels (stage/height) to discharge [15,38,39,40]. The rating curve can be expressed as [16,41,42,43,44,45]:


    Q  ( t )  = C    [  h  ( t )  −  h o   ( t )   ]   n   



(1)




where   Q  ( t )    is the discharge (m3/s),   h  ( t )     is the water level above the reference level (m), n is the exponent, C is the discharge coefficient, and    h o   ( t )     is the height of the river bottom above a reference called the offset and may change throughout the record [17,46]. The value of ho is positive when the bottom is above this initial reference level or negative when the riverbed is below this level. Both C and n are constant as long as the cross-section of the river does not change.



Based on the assumption that the C and n are invariant in time, the offset    h o   ( t )    can be calculated for each pair of stage and discharge measurements by rearranging Equation (1) as:


   h o   ( t )  = h  ( t )  −    [    Q  ( t )   C   ]     1 n     



(2)







The water depth above the bottom of the river at time t,    h *   ( t )   , can be written as


   h *   ( t )  = h  ( t )  −  h o   ( t )   



(3)







The stage–discharge curve for a variable channel bottom height can be expressed using Equations (1)–(3) as:


  Q  ( t )  = C    [   h *   ( t )   ]   n   



(4)







This equation can then be used with the original unadjusted data to calculate the streamflow data as:


   Q a   ( t )  =  C a     [     [     Q o     C o     ]     1   n o      −  h o   ( t )   ]     n a     



(5)




where the subscript o indicates that the observed discharge in the record calculated with the original rating curve with coefficients    C o    and    n o   ; the subscript a denotes the corrected and actual flows with the newly calibrated coefficients    C a    and    n a   .



So far, we have implicitly assumed that width of the channel remains the same. For example, when the channel becomes wider, the flow increases for the same water level and the same offset. An increase in channel width is equivalent to a decrease in offset. Thus, the offset fitted to the measured stage–discharge data should be considered as an “effective offset” for channels that change in depth and width.




2.2.2. Procedure to Find C, n, and    h o   ( t )   


Based on the assumption that throughout the period of record, C and n remain constant, and the offset    h o   ( t )    can be written as a polynomial function of time, C, n and    h o   ( t )     can be found by minimizing the difference between observed discharge during the stage–discharge measurement and discharge calculated with Equation (2). An example to find the optimum C and n for the Megech gauging station at Azezo (1964–2020) with 97 stage–discharge measurements is given in Figure 3.




2.2.3. Observed Relationships of the Stage–Discharge Measurements


The Megech gauging station, as one illustration of such relationships, consists of 97 observed stage–discharge (h-Q) data points available since 1960 are plotted in Figure 4. Different colors are used for different periods: 1960–1983; 1984–2006; and 2007–2020. Obviously, the relationship between stage and discharge is not unique (Figure 4a). For example, the observed stage height for the observed flow of 10 m3/sec increases in time. Between 1960 to sometime before 1983, the stage was 0.6 m. The stage was 0.82 m from the 1980s to 1996. It increased to 1.0 m in around 2010, after which it decreased to 0.70 m in 2021.




2.2.4. Finding the Optimum Values


The optimum C and n values in Equation (1) for a river gauging station are found in a two-step procedure. The first step is carried out in Excel by calculating the    h 0   ( t )    values iteratively with Equation (2) for all stage–discharge pairs using the rating function. Then the    h 0   ( t )    values are plotted as a function of time. Next, the polynomials with orders 1 to 4 are fitted through the data points of    h 0   ( t )    and t by systematically changing the C and n values such that a visually realistic line is obtained with a high R2 and minimum RMSE, and that reduces the distance between the clusters of    h 0   ( t )    at any time t (Appendix A). Outliers that do not belong to any of the clusters (i.e., more than two times the average distance between the data points in the clusters) were removed from the dataset.



In the second step, the lowest order polynomial was selected using the non-linear “nls” function of the R program until the polynomial coefficients were significant at the 5% level. The program performs an analysis of variance (ANOVA, using a partial F-test). It tests the null hypothesis that a lower-order polynomial is sufficient (p < 0.05) to validate the data against the alternative hypothesis that a higher-order polynomial is required. The analysis is performed by nesting the polynomials, i.e., the lower-order polynomials as a subset of the higher-order polynomial. For example, for the Megech, we found that the polynomial coefficients were significant at the 5% level for the fourth order polynomial.




2.2.5. Confidence Intervals


After the best fit polynomial was determined, the upper confidence boundary is found by adding two times the standard error (2SE) from the predicted value. The lower boundary is found by subtracting two times the standard error (2SE). The standard error of the non-linear fit of the offset-time polynomial, and the 95% confidence intervals (after removing the outlier) are given in Figure 4.




2.2.6. Stage Discharge Curve


With the above-described procedure, the optimized values of C and n for the selected polynomial in Equation (1) are used to obtain the new rating curve as an h*(t) function. The value of h*(t) is equal to the difference of the observed stage height and the offset,    h o   ( t )    at time t. The coefficient C = 29.48 and the exponent n = 2.49 of the rating curves of Megech are determined with the procedure described above (Figure 3c).






3. Results


The data for the long-term stations on the three major rivers are presented in the main text in the next section. The specifics for the fourth-largest river, Megech, were given above to explain the method followed. All 21 stations, including the four presented in the main text and the remaining 17 stations with at least 15 stage–discharge measurements (as recommended [42]) are displayed in Appendix B and Appendix C, and are intended for researchers and modelers in the Lake Tana basin.



3.1. Stage–Discharge Measurements


The stage and corresponding discharge measurements in the stream channel at the gauging stations of the three largest rivers (Gumara, Rib, and Gilgel Abbay) are shown in Figure 5, and for the Megech, the fourth-largest river, in Figure 3a. Measurements of the stage and discharge for these four stations started in 1960 (called hereafter “long-term river monitoring stations”). The stage–discharge data for the remaining 17 gauges in the Lake Tana basin are provided in Appendix B. The condition of channels at the gauging stations and the number of stage–discharge measurements are given in Table 1.



Like the Megech, the stage–discharge curves in Figure 5 for the long-term river monitoring stations do not exhibit a unique relationship between discharge and the stage height. For example, at a stage height of 6 m for the Ribb at Addis Zemen (Figure 5b), the discharge is around 120 m3s−1 in the initial period from 1960 to 1987. It is approximately 60 m3s−1 from 1988–1989 and about 20 m3s−1 from 2000 to 2020. As indicated in Table 1, sediment deposited in the stream channel (and surrounding lands) at this gauging station increased the bed height over time. The measurements for Gumara at Woreta also show that the discharge decreases in time for a particular stage height (Figure 5a) due to a high sediment load and the resulting increase in bed height (Table 1). In the mid-1990s, the discharge at a particular stage decreased for the Gilgel Abbay at Bikolo (Figure 5c), likely due to a large storm in September 1996 that scoured the rocky bed [47].



Several of the remaining 17 gauging stations (Appendix B Figure A1e–u) have nearly unique and well behaved stage–discharge measurements, such as Gelda at Ambessame (Appendix B Figure A1e), Dirma at Koladeba (Appendix B Figure A1n), Jemma near Bikolo (Appendix B Figure A1o), and Koga at Bikolo (Appendix B Figure A1p). These gauging stations have stable channel controls, and only relatively small changes in the cross-sections may occur during the largest runoff events (Table 1). Examples of the gauging stations with a poor correspondence between stage and discharge are Ribb at Gassay (Appendix B Figure A1g), Upper Ribb near Ibnat (Appendix B Figure A1h), Kirari near Addis Zemen (Appendix B Figure A1i), Sheni near Addis Zemen (Appendix B Figure A1j), Garno at Enfranz (Appendix B Figure A1k), Angereb at Gondar (Appendix B Figure A1m), and Amen at Dangila (Appendix B Figure A1q). These stations are located at steep sections of the river with deposition or removal of boulders. In one case, the station was moved (Sheni at Addis, Table 1). Some of the stations are very recent: Kirari near Addis Zemen (Appendix B Figure A1i), Jemma near Bikolo (Appendix B Figure A1o), and Gilgel Abbay at Chinba (Appendix B Figure A1t). Despite the short time, there is already variability in the stage height and corresponding discharge.




3.2. Offset


The optimized parameters the constant  C , the exponent  n , and the offset    h o   ( t )    that define the rating curve in Equation (1) are listed for each of the 21 gauging stations in Table 2. The offset is expressed as a polynomial of the lowest order with statistically significant coefficients as a function of time t. The plots of polynomials listed in Table 2 are shown in Figure 4 for the Megech, Figure 6 for the three long-term gauging stations, and Supplemental Materials Section S1 for all the gauging stations. For floodplain gauging stations (Gumara at Woreta and Ribb at Addis Zemen), the offsets were expressed by a third-degree polynomial, whereas gauging stations in the uplands such as Megech at Azezo, Garno at Enfranz and Gumero at Maksegnit were characterized by a fourth-degree polynomial.



The maximum and minimum offsets are less than 30 cm for the stream gauging stations identified in Section 3.1 with nearly unique stage–discharge curves (Supplemental Materials Section S1e,o,p). Other stations with a 30–40 cm or smaller difference between the maximum and minimum fitted offset of the polynomial are the Gilgel Abbay (Figure 5c, Supplemental Materials Section S1c), Fogeda at Arb-Gebeya (Supplemental Materials Section S1f), Kirari at Addis Zemen (Supplemental Materials Section S1i), Angereb at Gondar (Supplemental Materials Section S1m), Dirma at Koladeba (Supplemental Materials Section S1n), Amen at Dangila (Supplemental Materials Section S1q), Quashini near Addis Kidame (Supplemental Materials Section S1r), Killitti near Durebetie (Supplemental Materials Section S1s), Gilgel Abbay at Chinba (Supplemental Materials Section S1t), and Abbay at Bahir Dar Peda (Supplemental Materials Section S1u). The rating curves were not unique for these stations because the offset changed seasonally. High flows in July and August cause either the deposition of boulders and gravel from upstream or scouring [32]. Subsequent smaller storms bring the riverbed morphology back to the original configuration. The measurement of Amen at Dangila demonstrates the seasonal changes in offset at Dangila (Supplemental Materials Section S1q), where the offsets vary by 40 cm. The Gilgel Abbay at Chinba is another example where the measurement varied by almost 75 cm in 2015 (year 1) (Supplemental Materials Section S1t). A polynomial with an order of four or less cannot capture the seasonal difference in seasonal changes. The effect of seasonal differences in offsets is addressed in a subsequent manuscript



As shown in Supplemental Materials Section S1, the fitted offset for the remaining stations changed more than 30 cm. Three of these stations are in the plains around Lake Tana. For the Gumara at Woreta (Figure 6a), the offset declines first slightly when the measurement started in 1960. The offset is near zero around 1980 (year 20), then increases over 30 years by 1.5 m. The offset after 2010 decreased (year 50) (Figure 6b). The offset of the Ribb at Addis Zemen has the same pattern as the Gumara. The increase in offset started around 1970 (year 10), increased by 3 m, and decreased after 2010 (year 50, Figure 6b). The offset of the Megech at Azezo (Figure 4) was 60 cm below the gage level when the measurements started in 1960 and increased steadily to approximately 1 m in 2005 (year 51) to 1.20 in 2011 to 2012 and then decreased by 30 cm in 2021. The difference between the maximum and minimum offset for two other stations on the Ribb (i.e., the Ribb at Gassay and the Upper Ribb near Ibnat, Supplemental Materials Section S1g,h) was around 50 cm. Finally, the offset from Garno at Enfranz (Supplemental Materials Section S1k) has increased by almost 2 m from 2017 to 2021 (year 30–34). A bridge was constructed, and boulders, cobbles, and gravel from the upper mountainous area increased the height of the riverbed.




3.3. Confidence Bands in a Non-Linear Regression Curve Fitting


The gray shaded area in Figure 6 indicates two times the standard error from the predicted offset. It demonstrates that the uncertainty of the offset was greater in the 1960s for three rivers (Figure 6) than later in the record when more measurements were available. Since the scale of the Y-axis are not the same for the various graphs of    h o   ( t )   , the error confidence of the streams with minor changes in the offset seems more extensive than those with a significant temporal difference in offset. The highest or lowest outliers were removed because the outliers lied distantly from the boundary of the 95% confidence interval.




3.4. Field Validation of the Predicted Offset


Recent observations (2019–2021) are used to check the validity of the fitted offset against the occasional measurements. The offset of the Gumara at Woreta in the Fogera plain was measured on 2 June 2020 and on 18 March 2021. On 2 June, during base flow conditions, the water depth was 1.30 m. The staff gauge reading was 2.78 m. The difference between the two is equal to 1.48 m, similar to the fitted offset displayed in Figure 6a in 2020 (year 60). A similar offset of 1.5 m was observed on 18 March 2021. Finally, in the Gumara gauge maintenance log, the hydrology technician noted that in 2011 (year 51), the staff gauge was buried by 1 m of sediment. It is slightly less than the 1.2 m in Figure 6a.



The other station in the Fogera plain is the Ribb river. The 0.95 m offset in 1960 increased to 4.1 m in 2008 and 4.17 in 2012 and dropped to 4.1 in 2014 and 4.0 m in 2016. The offset values were closer to that reported in [32]. The offset for the Megech at Azezo was checked on 19 March 2021. Based on gauged reading and measured water depths, the offset at the deepest point in the river channel was calculated as 0.70 m. This closely fitted the offset of 0.73 m in Figure 3b and Figure 4. Finally, offsets in the mountainous upstream were also checked. The measured offset for Ribb at Gassay was 0.20 m, Kirari near Addis Zemen was observed as 1.52 m, and the Gumero Maksegnit was 0.75 m. These were all within 10 cm of the fitted results (Supplemental Materials Section S1g,i,l). Thus, we can conclude that the annual variation in offset is well represented by the technique used.




3.5. Final Rating Curves: Observed versus Predicted


The discharge plotted as a function of the adjusted stage height h*(t) shows considerably less scattering in Figure 7 and Appendix C than the stage–discharge data in Figure 5 and Appendix B. The stage–discharge functions for all 21 stations are tabulated in Table 2. The improvement is especially remarkable for the three long-term gauging stations in the planes around Lake Tana: the Gumara at Woreta (Figure 5a and Figure 7a); the Ribb at Addis Zemen (Figure 5b and Figure 7b); and Megech at Azezo (Figure 3a,c). The coefficient of determination (R2) was over 90% for these stations (Table 2, last column). The adjusted rating curve for the Gilgel Abbay at Bikolo fitted the measured data well, too, with an R2 of 89% (Figure 7c). The observed vs. predicted values are shown in Figure 8. The stage–discharge curves for the Ribb at Gassay and the Upper Ribb near Ibnat (Appendix B and Appendix C Figure A2g,h) improved significantly as well, and the scatter was greatly reduced. However, for several stations, the spread in the data remained with several stage–discharge relationships that had an R2 below 70%, which was mainly caused by the seasonal variation in the riverbed elevation.




3.6. The Rating Curve Exponents


The rating curves exponent, n, varied between 1.40 for Koga at Bikolo (Table 2, Appendix C Figure A2p) to around 3.5 for the Angereb at Gondar (Table 2, Appendix C Figure A2m). In most cases, the rating curve R2 was above 90% (5th column, Table 2; Appendix C). A few stations had a poor fit, especially Garno at Enfranz (Appendix C Figure A2k).



A value of about two for the exponent of the rating curves in large natural channels with a parabolic shape is appropriate [48]. Table 2 and Figure 7 show that exponents of the rating curves for the largest three rivers were in this range: 1.92 for the Gumara at Woreta, 2.14 for the Ribb at Addis Zemen, and 2.03 for the Gilgel Abbay at Bikolo. The shape of the channel affects the rating curve exponent [48]. For example, for triangular channels, the exponent n is 2.67. Moreover, channel roughness impacts the shiftable nature of the river bed in the gauging stations of the mountain gorges [49]. Table 2 and Appendix C show that the Megech at Azezo, Gelda at Ambessame, the Kirari near Addis Zemen, the Gumero at Maksegnit, and several other stations located in the uplands have rating curve exponents close to 2.7. Exponents of 3.0 or greater are expected for stations with section control and overbank flows [4,16,45,50]. The Upper Ribb near Ibnat and the Angereb near Gondar are the two such cases (Table 2, Appendix C Figure A2h,m). A value of n less than two indicates a channel control [16] for gauging stations in Table 2. The Koga at Bikolo is a good example (Table 2, Appendix C Figure A2p).





4. Discussion


In most developing countries, stage–discharge measurements are infrequent. Therefore, standard methods cannot be used to determine the rating curves of rivers. Furthermore, most of these countries have monsoon climates where all the rain falls in a three- to six-month period, resulting in high flows that easily can change the channel bottom elevation. Based on the occasional stage–discharge measurements, a method was developed and applied to the Lake Tana basin to find the height of the channel bed with respect to the zero-gauge height. The method was applied for 21 river gauging stations in the basin with measurement records ranging from 3 to 60 years. We found that stations at the mountainous uplands with stable channel configuration generally varied less than 30 cm per rainy season (Supplemental Materials Section S1). For the gauging stations located in plains around Lake Tana, the net channel bottom increased up to 3.0 m in 60 years (1960–2021).



The increase in offset (representing the bed elevations) starting in the period from 1970–1980 (years 10–20) and ending around 2010 (year 50, Figure 6a,b) for the Gumara and Ribb is supported by other studies investigating sediment transport and deposition in the Lake Tana basin. For example, Kebedew et al. [51], who compared bathymetric surveys of Lake Tana in 1940, 1987, 2006, and 2017, found that the annual sediment deposition before 1987 was only half of the period from 1987 to 2006. After 2006, the deposition was similar or slightly less than the period before. The peninsula development of the Gumara and the Gilgel Abbay exhibits the same pattern [12,51]: Between 1940 and 1987, peninsula expansion near the Gilgel Abbay and Gumara only increased marginally and expanded rapidly after that [51]. Similarly, the length of the Gilgel Abbay peninsula increased when the first Landsat image was available in 1972, after which it remained nearly constant [52].



The riverbed increases to 2010 and the declines after that for the Gumara at Woreta and Ribb at Addis Zemen in the Fogera Plain (Figure 6a,b) were caused by anthropogenic factors. The Ribb and the Gumara were dredged in 2008 and 2009 to prevent flooding of the newly constructed highway [53,54]. Dredging also occurred from 2014 to 2016 and from 2020 to 2021 associated with the dyke construction along the banks. Another activity that deepened the river bed was sand mining by individuals who sell sand to Bahir Dar for construction purposes [40]. The exponential expansion of Bahir Dar started around 2005. Finally, the dam for a large irrigation reservoir was completed in the middle reaches of the Ribb in 2018, reducing the sediment load [55] derived from the headwater area.



Despite the increase in offset before 2010, the channel remained intact. The river overtopped its banks regularly during the rain phase and deposited as much as 3 cm of sediment annually on the floodplain [12]. Consequently, the riverbed was not significantly affected despite the increase in bottom elevation [13,32,56] (Figure 5a,b). It is not evident from existing written documentation why the Megech (Figure 4) offset increases before the Gumara and Ribb (Figure 6a,b) from the 1960s to the 1970s. However, it might have been related to the agricultural intensification that started earlier around Gondar and the surrounding areas. In the uplands, the offsets for gauging stations were smaller and occurred at different times than stations in the alluvial plains. The bed height changed in high flow events due to either scouring or deposition of boulders and gravels, after which smaller events brought the channel back to equilibrium conditions. In the alluvial plains, the capacity to remove the sediment remained constant while the supply greatly increased, resulting in a net increase in bed height




5. Conclusions


Accurate discharge data aid in more efficiently utilizing the donor and government funds provided to the water sector. Stage–discharge measurements are infrequent in most developing countries, and rating curves are not updated after major storms. In this manuscript, a technique is developed that uses the infrequent stage–discharge measurements to develop a rating curve in which the offset varies with time.



The technique was applied to the Lake Tana basin in the Ethiopian Highlands. Furthermore, 21 stream gauges with occasional stage–discharge measurements were available for 3–60 years. Time-dependent offset polynomial functions of up to the fourth order were developed to fit the available historical stage–discharge measurements. The calculated offsets were as large as 3 m in the alluvial plains to less than 75 cm for the upland station. Occasional historical measurement of the offset agreed with the predicted values. Replotting the stage–discharge data adjusted for the calculated offset reduced the scatter of the data. In all, the technique can improve the accuracy of streamflow and will allow the ministry to improve its published discharge data in the Lake Tana basin. It will require additional funds because most stage readings are not electronically available. However, with the war raging currently, it is likely not be a high priority for funding.
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Appendix A


Statistical Performance Metrics


Calibration of rating curve parameters is achieved by minimizing the error between the observed Q-h values and the fitted rating curve using Nash–Sutcliffe Efficiency (NSE), Coefficient of determination, and Root Mean Square.



The Nash–Sutcliffe efficiency (NSE) determines the relative magnitude of the residual variance compared to the measured data variance [57]:


  NSE = 1 −  [      ∑   i = 1  n     (   Q i o  −  Q i s   )   2      ∑   i = 1  n     (   Q i o  −  Q i m   )   2     ]   








where Qio is the observation value, Qis is the model value for the variable being simulated, Qim is the average of discharge observations, and n is the number of observations [58]. Nash–Sutcliffe efficiency indicates how well the plot of observed versus simulated data fits the 1:1 line.



The model performance can be evaluated with the coefficient of determination, the R2:


   R 2  = 1 −  [      ∑  i n     (   Q i o  −  Q i s   )   2      ∑  i n     (   Q i o  −  Q i m   )   2     ]   











The lower limit of the R2 is equal to zero when there is no correlation between the observed and predicted values, R2 = 1 for a perfect fit.



RMSE is a standard way to measure the error of a model in predicting quantitative data. It is defined as:


  RMSE = 1 −  (      ∑  i n   (   Q i o  −  Q i S   )   n   )   











RMSE is the standard deviation of the residuals (prediction errors). It is a measure of how spread out these residuals are. The magnitude of RMSE varies with the size of values of the parameter. It is commonly used in regression analysis and for prediction purposes to compare observed and model results. RMSE values closer to zero are the best.





Appendix B


Original Stage–Discharge Rating Curves


The original stage–discharge data for the 21 stations listed in Table 1 in the Lake Tana Basin are shown below. For completeness, all gauging station shown in the main text are are shown.
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Figure A1. Available stage–discharge data pairs arranged by the decade they were measured for gauging stations in the Lake Tana basin, (a) Gumara at Woreta, (b) Ribb at Addis Zemen, (c) Gilgel Abbay at Bikolo, and (d) Megech at Gondar Azezo; secondary or tertiary stations: (e) Gelda at Ambessame, (f) Fogeda at Arb-Gebeya, (g) Ribb at Gassay, (h) Upper Ribb near Ibnat, (i) Kirari near Addis Zemen, (j) Sheni at Addis Zemen, (k) Garno at Enfranz, (l) Gumero at Maksegnit, (m) Angereb at Gondar; (n) Dirma at Koladeba, (o) Jemma at Bikolo, (p) Koga at Bikolo, (q) Amen at Dangila, (r) Quashini near Addis Kidame, (s) Killitti at Durebetie, and (t) Gilgel Abbay at Chinba, and the Lake Tana outflow gauging station (u) Abbay at Bahir Dar Peda. 
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Appendix C


Modified Stage–Discharge Rating Curves


Plots of the modified stage discharge data for the 21 stations listed in Table 1 in the Lake Tana Basin are presented. For completeness, the figures of the Gumara, Ribb, Gilgel Abbay, and Megech are included.
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Figure A2. Stage discharge curves after adjusted for the offset for the gauging station in the Lake Tana (a) Gumara at Woreta, (b) Ribb at Addis Zemen, (c) Gilgel Abbay at Bikolo, and (d) Megech at Gondar Azezo; secondary or tertiary stations: (e) Gelda at Ambessame, (f) Fogeda at Arb-Gebeya, (g) Ribb at Gassay, (h) Upper Ribb near Ibnat, (i) Kirari near Addis Zemen, (j) Sheni at Addis Zemen, (k) Garno at Enfranz, (l) Gumero at Maksegnit, (m) Angereb at Gondar; (n) Dirma at Koladeba, (o) Jemma at Bikolo, (p) Koga at Bikolo, (q) Amen at Dangila, (r) Quashini near Addis Kidame, (s) Killitti at Durebetie, and (t) Gilgel Abbay at Chinba, and theLake Tana outflow gauging station (u) Abbay at Bahir Dar Peda. The offset as a function of the number of years after the first measurement are shown in Table 2. 
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Figure 1. Lake Tana basin and the location of the Gauging stations: (a) Tana basin as part of Blue Nile (Abbay) basin; (b) Lake Tana basin and its river system of the major rivers—Gumara, Ribb, Gilgel Abbay and Megech); (c) the location of gauging stations a = Gumara at Woreta, b = Ribb at Addis Zemen, c = Gilgel Abbay at Bikolo, and d = Megech at Gondar Azezo; secondary or tertiary stations: e = Gelda at Ambessame, f = Fogeda at Arb-Gebeya, g = Ribb at Gassay, h = Upper Ribb near Ibnat, i = Kirari near Addis Zemen, j = Sheni at Addis Zemen, k = Garno at Enfranz, l = Gumero at Maksegnit, m = Angereb at Gondar; n = Dirma at Koladeba, o = Jemma at Bikolo, p = Koga at Bikolo, q = Amen at Dangila, r = Quashini near Addis Kidame, s = Killitti at Durebetie, and t = Gilgel Abbay at Chinba, and outflow gauging station: u = Abbay at Bahir Dar Peda. 
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Figure 2. Rivers at full stage: (a) Submerged gauging staff by sediment depositions at Ribb near Addis Zemen station (2019), (b) Flow measurements on Ribb at Addis Zemen using crane over the bridge during peak flows (2016). 
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Figure 3. Example of steps in finding the stage–discharge curve for infrequent stage-discharge measurements for the Megech at Azezo (1960–2021): (a) actual stage-discharge measurement, (b) fitted polynomial of the offset vs. time since 1960, and (c) stage-discharge curve with the discharge plotted against the adjusted stage h*. The adjusted stage equals the sum of the measured stage height and the offset. 
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Figure 4. Polynomial of offset vs. time in years after the start of measurements in 1960 for the Megech at Azezo (1960–2021); the grey shade is the 95% confidence interval. 
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Figure 5. Stage-discharge measurements of the long-term gauging stations in the Lake Tana basin; (a) Gumara at Woreta, (b) Ribb at Addis Zemen, and (c) Gilgel Abbay at Bikolo. 
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Figure 6. Polynomialunction fitted to relationships of offset (   h o   ) versus the number of years (t) after the first observation (1960 in this case) for stage-discharge measurements of the gauging stations on the major rivers in the Lake Tana basin: (a) Gumara at Woreta (1960–2020), (b) Ribb at Addis Zemen (1960–2020) gauging stations, and on non-alluvial channel reaches such as (c) Gilgel Abbay at Bikolo (1960–2020) gauging stations. C is the discharge coefficient, and n is the exponent in Equation (1). Gray shaded area 6 indicates two times the standard error from the predicted offset. 
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Figure 7. Modified stage-discharge Q-h* relationship for gauging stations established on the alluvial channels (a) Gumara at Woreta and (b) Ribb at Addis Zemen, and (c) the non-alluvial channel Gilgel Abbay at Bikolo. h* is the adjusted stage height and is the difference between the observed stage height and the offset    h o   ( t )    at the time of measurement in Table 2. 
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Figure 8. Observed versus predicted flow relationships established after adjusting the stage-discharge curves for gauging stations: (a) Gumara at Woreta and (b) Ribb at Addis Zemen, (c) Gilgel Abbay at Bikolo, and (d) Megech at Azezo. 
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Table 1. Hydrologic observation stations and their flow control in the Lake Tana basin based on field surveys from 2016 to 2021 and literature review [19,31,32]).
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Gauging Station

(See Figure 1)

	
Watershed

	
Period and Number of Observations

	
Flow Control Conditions






	
a

	
Gumara at Woreta

	
Gumara

	
1960–2021

	
149

	
Unstable control, high flow measurements conducted on the bridge




	
b

	
Ribb at Addis Zemen

	
Ribb

	
1960–2021

	
128

	
Unstable control, high sediment (sand) deposition, small gradient




	
c

	
Gilgel Abbay at Bikolo

	
Gilgel Abbay

	
1960–2020

	
30

	
Rocky and stable control, the oldest and a basic hydrometric station




	
d

	
Megech at Azezo

	
Megech

	
1960–2021

	
97

	
Unstable shiftable bed (pebbles and small boulders) pool with no flow control




	
e

	
Gelda at Ambessame

	
Gumara

	
1983–2021

	
33

	
Scouring and deposition




	
f

	
Fogeda at Arb-Gebeya

	
Gumara

	
1985–2021

	
27

	
Shiftable mountainous and pool in the left (concave) side of the stream




	
g

	
Ribb at Gassay

	
Ribb

	
1984–2020

	
20

	
Shiftable, scouring on the channel bed




	
h

	
Upper Ribb nr Ibnat

	
Ribb

	
1980–2020

	
33

	
Pool and mountainous gorge installed to gather data for the Ribb reservoir site




	
i

	
Kirari near Addis Zemen

	
Ribb

	
2017–2020

	
21

	
Shiftable, fill and scouring, mainly dictated by aggradation from the bed material




	
j

	
Sheni at Addis Zemen

	
Ribb

	
1990–2020

	
37

	
Station location changed, sand deposition




	
k

	
Garno at Enfranz

	
Arno-Garno

	
1987–2021

	
39

	
Shiftable, boulders, and cobbles at a mountainous stream




	
l

	
Gumero at Maksegnit

	
Gumero

	
1984–2020

	
36

	
Pool, river bed with gravels and cobbles




	
m

	
Angereb at Gondar

	
Megech

	
1982–2021

	
82

	
Shiftable reach, mountainous with boulders and cobbles




	
n

	
Dirma at Koladeba

	
Dirma

	
2000–2021

	
39

	
Stable channel control (small depositions), but affected by bridge construction




	
o

	
Jemma nr Bikolo

	
Gilgel Abbay

	
2018–2021

	
16

	
Stable, depositions as rock, cobbles, and gravel fill




	
p

	
Koga at Bikolo

	
Gilgel Abbay

	
1990–2019

	
58

	
Permanent, natural control and in-stream vegetation (upstream of the bridge)




	
q

	
Amen at Dangila

	
Gilgel Abbay

	
1988–2016

	
134

	
Scouring with small vegetations on the banks




	
r

	
Quashini nr Addis Kidame

	
Gilgel Abbay

	
1984–2016

	
20

	
Small scouring of the channel bed and grassed banks




	
s

	
Killitti at Durebetie

	
Gilgel Abbay

	
2007–2021

	
27

	
Pool, erosion and deposition




	
t

	
Gilgel Abbay at Chinba

	
Gilgel Abbay

	
2014–2021

	
65

	
Depositions and silt channel bed




	
u

	
Abbay at Bahir Dar Peda

	
Lake Tana

	
1983–2015

	
35

	
Permanent, straight reach, vegetated stable banks, gentle slope, good condition
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Table 2. Stage-discharge rating curves, the effective offset    h o    (m) as a function of the time t in yeara after the first year of observation for the gauging stations in the Lake Tana basin. The gauging station locations are given in Figure 1. Q (m3·s−1) is the discharge, R2 = the linear regression coefficient, and RMSE = Root mean square error m3·s−1. The last column indicates the extent to which the offset is dependent on the time since the beginning of the observations.
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	Gauging Station
	Stage-Discharge Eq
	1st yr
	R2
	RMSE
	    Offset ,    h 0     
	R2





	a
	Gumara at Woreta
	   Q = 9.09    (  h −  h 0   )    1.92     
	1960
	0.98
	10.3
	    h 0  = − 4.80 ×   10   − 5      t 3  + 5.34 ×   10   − 3      t 2  − 0.1330 t + 0.6730   
	0.92



	b
	Ribb at Addis Zemen
	   Q = 5.17    (  h −  h 0   )    2.14       
	1960
	0.96
	8.26
	    h 0  = − 8.26 ×   10   − 5      t 3  + 7.14 ×   10   − 3      t 2  − 0.0886 t + 1.0493   
	0.95



	c
	Gilgel Abbay at Bikolo
	   Q = 39.89      (  h −  h 0   )    2.03     
	1960
	0.99
	8.74
	    h 0  = 8.95 ×   10   − 6        t   3  − 6.27 ×   10   − 4        t   2  + 0.0101  t    + 0.2370         
	0.89



	d
	Megech at G. Azezo
	   Q = 29.48      (  h −  h 0   )    2.49     
	1960
	0.96
	2.75
	    h 0  = − 1.00 ×   10   − 6      t 4  + 7.80 ×   10   − 5    t 3  − 3.64 ×   10   − 3      t 2  + 0.1026 t − 0.6261   
	0.96



	e
	Gelda at Ambessame
	   Q = 17.60    (  h −  h 0   )    2.50     
	1983
	0.96
	0.27
	    h o  = − 1.19 ×   10   − 4        t   3  + 6.27 ×   10   − 3      t 2  − 0.0697 t + 0.1520   
	0.65



	f
	Fogeda at Arb G.
	   Q = 13.77    (  h −  h 0   )    2.86       
	1985
	0.96
	0.63
	    h o  = − 4.18 ×   10   − 4        t   2  + 0.0086 t + 0.2280   
	0.76



	g
	Ribb at Gassay
	   Q = 5.0    (  h −  h 0   )    2.4       
	1984
	0.85
	3.74
	    h o  = − 1.11 ×   10   − 4      t 3  + 5.74 ×   10   − 3        t   2  − 0.0613 t + 0.1460   
	0.89



	h
	Upper Ribb nr Ibnat
	   Q = 34.60    (  h −  h 0   )    3.0       
	1980
	0.96
	5.66
	    h o  = 8.13 ×   10   − 7      t 3  + 4.07 ×   10   − 4      t 2  − 0.0079 t + 1.0300   
	0.84



	i
	Kirari nr Addis Z
	   Q = 42.71    (  h −  h 0   )    2.44       
	2017
	0.77
	0.31
	    h o  = − 3.66 ×   10   − 2      t 2  + 0.1820 t + 1.46   
	0.59



	j
	Sheni nr Addis Z.
	   Q = 20    (  h −  h 0   )    2.20       
	1990
	0.76
	3.37
	    h o  = 0.0415 t − 0.2005   
	0.94



	k
	Garno at Enfranz
	   Q = 17.3    (  h −  h 0   )    2.00     
	1987
	0.46
	5.30
	    h o  = 2.03 ×   10   − 5     t    4  − 8.69 ×   10   − 4      t 3  + 5.80 ×   10   − 3      t 2  + 0.0601 t − 0.1330     
	0.86



	l
	Gumero at Maksegnit
	   Q = 35.15    (  h −  h 0   )    2.50       
	1984
	0.95
	0.58
	    h o  = − 6.92 ×   10   − 6      t 4  + 5.17 ×   10   − 4      t 3  − 1.12 ×   10   − 2      t 2  + 0.0580 t + 0.5930   
	0.93



	m
	Angereb at Gondar
	   Q = 58.86    (  h −  h 0   )    3.50       
	1982
	0.93
	0.88
	    h o  = − 4.92 ×   10   − 5      t 3  + 2.47 ×   10   − 3      t 2  − 0.0188 t + 0.2430   
	0.96



	n
	Dirma at Koladeba
	   Q = 13.97    (  h −  h 0   )    2.04     
	2000
	0.93
	4.73
	    h o  = 5.91 ×   10   − 4      t 2  − 0.0077 t + 0.3980   
	0.30



	o
	Jemma nr Bikolo
	   Q = 26.40    (  h −  h 0   )    2.60       
	2018
	0.99
	2.42
	    h o  = − 5.79 ×   10   − 2      t 3  + 3.30 ×   10   − 1      t 2  − 0.5330 t + 0.4240     
	0.74



	p
	Koga at Bikolo
	   Q = 35.96    (  h −  h 0   )    1.40       
	1990
	0.99
	1.09
	    h o  = − 5.02 ×   10   − 4    t 2  + 0.0111 t + 0.4360   
	0.60



	q
	Amen at Dangila
	   Q = 1.83    (  h −  h 0   )    2.48       
	1988
	0.91
	0.13
	    h o  = 8.70 ×   10   − 5      t 3  − 2.75 ×   10   − 3        t   2  + 0.0137 t + 0.1810   
	0.67



	r
	Quashini nr Addis Kidame
	   Q = 1.91    (  h −  h 0   )    1.50       
	1984
	0.93
	0.08
	    h o  = 1.44 ×   10   − 5      t 3  − 1.08 ×   10   − 3      t 2  + 0.0241 t + 0.2620   
	0.46



	s
	Killitti nr Durebetie
	   Q = 15.80    (  h −  h 0   )    2.90       
	2007
	0.96
	4.19
	    h o  = − 0.0010 t + 1.1500   
	0.55



	t
	Gilgel Abbay at Chinba
	   Q = 7.30    (  h −  h 0   )    2.30       
	2014
	0.94
	27.40
	    h o  = − 9.50 ×   10   − 3      t 2  + 8.97 ×   10   − 2     t − 0.1270     
	0.36



	u
	Abbay at Peda
	   Q = 121.0    (  h −  h 0   )    2.26       
	1983
	0.99
	17.90
	    h o  = 3.19 ×   10   − 5      t 3  − 1.80 ×   10   − 3      t 2  + 0.0247 t + 0.8770   
	0.22
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