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Abstract

:

Excess sediment and nutrient losses from intensifying agriculture degrade water quality and boost plant growth. The relationship between circulation patterns, spatial water quality degradation, and water hyacinth infestation is not adequately studied. The objective of this study is, therefore, to investigate the effect of lake circulation patterns on sediment and nutrient distribution and its implication on the spread of water hyacinth in a tropical lake. This study was carried out in Lake Tana, the largest freshwater lake in Ethiopia, where sediment and nutrient concentrations are increasing, and water hyacinths have become a challenge since 2011. The lake circulation pattern was simulated by the Delft3D model based on a bathymetry survey, discharge, and meteorological forcings. To predict the transport path of sediments and dissolved nutrients, an inert tracer was released in the four main river inlets of the lake. Observed lake water level measurements were used to validate the model. Our results show that the lake circulation pattern could explain the transport path of sediment and nutrients and the location of the water hyacinths found in the northeast of the lake. Sediments and nutrients from the largest river, Gilgel Abay, in the southeast of Lake Tana, flow through the two outlets nearby with little sediment deposition due to the relatively short retention time. The phosphorus-rich sediments of the 24 h at 105 °C remaining three main rivers joining the lake at the north and east are transported to the northeast. Thus, the management and control of water hyacinths should focus on the northern and eastern catchment areas of Lake Tana.
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1. Introduction


Lakes, the largest surface freshwater resource on the earth, are essential for developing industries, agriculture, and culture [1]. These valuable resources are continuously threatened by increasing sediment and nutrient loading [2]. Human activities have accelerated this continuous loading through agricultural intensification on forested lands [3,4,5,6], fertilizer and pesticide applications on croplands [7,8,9,10], and increased urbanization and mining activities [3]. These severely affect lake ecosystems’ functioning and degrades lake water quality [2,3,4,6,11]. Water quality degradation leads to eutrophication and the growth of water hyacinths [12,13]. Since the 1950s, African tropical lakes have been invaded by water hyacinths, harming the ecosystem [14,15,16]. An example is the invasion of water hyacinths in Lake Victoria, which started in 1989 [14]. In Lake Tana, the water hyacinth began to grow in 2011 [17,18,19].



Once the sediment and nutrients are delivered to the lake, the spatial distribution is not uniform [20,21,22]. The spatial distribution is governed by the circulation patterns (currents) and the residence time of the lake [1]. The lake circulation pattern is controlled by physical parameters such as the lake bathymetry, discharge, wind speed, and direction [23,24]. The residence time depends on morphometry and physical setting, such as the depth and inlet–outlet configurations of the rivers flowing into and out of the lake [21]. For example, in shallow lakes, wind-induced energy resuspends bottom sediment and promotes phosphorus recycling from the bottom sediment [25,26,27], which may trigger eutrophication and the growth of water hyacinths [12,22].



While the emphasis in the literature has been on the measurement of sediment and nutrient inflow–outflow of tropical lakes [19,28,29,30], the implication of lake flow patterns on sediment, nutrient, and water hyacinth distribution is lacking. The latter is mainly due to the complex interactions that can only be studied by advanced numerical models [23]. Those numerical models have recently become powerful tools for hydrodynamic and pollutant modeling in lakes and reservoirs [1]. Models such as MIKE3D, AEM3D, GEMSS, and Delft3D can model lake circulation patterns [1,31]. The Delft3D model, developed by Deltares, The Netherlands, was selected because of its versatility. The Delft3D model has been validated for different lakes worldwide, including Lake Victoria [32] and Navashi in Kenya [33], El-Burullus Lake in Egypt [34], Lake Ichkeul, Tunisia [35], Lake Tahu, China [23], Lake Geneva, Switzerland [36], and many lakes in The Netherlands [37].



In this paper, we are concerned with Lake Tana, where the sediment and phosphorus concentrations in the rivers are increasing [19,38,39], and water hyacinths have become a challenge to the lake ecosystem function [40]. Most of the previous studies on Lake Tana have been focused on the water balance [41,42,43,44], sediment budget [28,45], lake sediment deposition [46], bottom sediment characteristics [26], the spatial distribution of suspended sediment [20], the status of water quality [19,47], fish production [48], and the implication of the lake morphometry on phosphorus dynamics [49]. Others have focused on water hyacinth coverage and infestation area [16,18,50,51,52], the impact of water hyacinth on the fish community, human health [40], and control mechanisms [53]. Few researchers have investigated the spatial distribution of nutrients in the bottom sediments [26,54]. One study by Dargahi and Setegn [31] investigated the stratification condition using a GEMSS 3D hydrodynamics model. They found that Lake Tana was not stratified. All these studies failed to address the relationship between lake circulation, sediment, and nutrient distribution and its implication on the spread of water hyacinth. Moreover, the effect of transported materials from the four major rivers draining into the lake on the spatial distribution of pollutants was not investigated. Therefore, the overall objective is to investigate the interaction of factors involved in the spatial distribution of water hyacinths. Specifically, we will develop a Delft3D-FLOW model to investigate the lake circulation patterns of Lake Tana; determine how lake circulation patterns affect the transport and deposition of sediment and nutrients; and identify areas of the lake that are most vulnerable to the effects of water hyacinth growth.



We hypothesize that the rivers contribute most of the sediment to the lake, and then the flow pattern determines the distribution of sediment and associated nutrients. We also postulate that these flow patterns are why the water hyacinths are mainly limited to the northeastern part of the lake. We will determine the lake circulation pattern and its impact on sediment, phosphorus, and water hyacinths. We will validate the path of sediment and nutrients by releasing inert tracers through the four major rivers draining into the lake using the Delft3D-FLOW model.




2. Materials and Methods


2.1. The Study Area


Lake Tana in the Blue Nile headwaters is in the northwestern highlands of Ethiopia (Figure 1). The lake has a nearly circular shape, a 3046 km2 surface area, and a volume of 29 km3 [49]. The lake is, on average, 10 m deep and the water mixes. Hence, vertical temperature gradient is not observed [31,49]. Lake Tana is the largest lake in Ethiopia [55]. It is a natural reservoir for Tana Beles and Tis Abay I and II hydropower plants [56]. The lake has great ecological importance. It is used for fishing, transportation, tourism, irrigation, and drinking. More than five hundred thousand people directly or indirectly depend on the lake and adjacent wetlands [55].



Water transparency in the lake is low due to large, suspended sediment loads [55] and resuspension from the lake bottom [26]. The average dissolved phosphorus concentration is 0.2 mg L−1 [19,57], and the available phosphorus is 19 mg P/kg in the bottom sediment [26]. The lake water quality is degraded [19,47]. Since 2011, water hyacinths have become a problem [40,58]. The water hyacinths in Lake Tana are concentrated in the northeast, with limited coverage on the eastern side [17,18,52].



More than 40 rivers feed the lake (Figure 1). The four largest rivers, Gilgel Abay, Gumara, Rib, and Megech, contribute around 90% of the flow and most sediment and nutrients to the lake [39,41,44]. Gilgel Abay, which covers 3900 km2 and enters the lake in the southwest, contributes about 60% of the inflow to the lake [42,59]. The Megech, joining the lake in the north, is the smallest of the four large rivers (Figure 1). The lake has two outlets: a natural outlet to the Abay (Blue Nile) on the south near Bahir Dar and an outlet to the Tana Beles hydropower plant on the western side [56]. Sediment concentrations in rivers entering the lake have increased [19,38,39]. Annually, about 40 Tg of sediment is lost from the uplands of the Lake Tana catchment [28,45]. Approximately 30% is deposited in the lake bed [46], and around 55% is deposited in the flood plains around the lake [45,46].




2.2. Data Collection


The meteorological data, inflow and outflow of Lake Tana, lake levels, suspended sediment concentrations, and the lake bathymetry used in this study are summarized in Figure A1 in Appendix A and presented in more detail below.



2.2.1. Meteorological Data


Precipitation, temperature, pan evaporation, hourly wind speed, and direction measurements were collected from the Bahir Dar, Dek Island, Gorgora, and Wereta stations from the Abay Basin Authority (Figure A1; station locations are given in Figure 1). The daily point rainfall was converted into areal rainfall using Theisen polygons (Figure S1, Supplementary Materials). Lake evaporation was calculated by multiplying the pan evaporation by 0.7 [60].




2.2.2. Inflow and Outflow Data


The 2017 river discharge data for the upper portion of the gauged rivers covering less than 50% of the basin were collected from the Ministry of Water and Energy (MWE). Discharge data for some of the smaller rivers entering Lake Tana for 2012 and 2013, labeled in Figure 1, were measured and published in Dessie et al. [42]. The discharge points are labeled Q1, Q2, Q3, Q6, Q9, and Q11 in Figure 1. The remainder of the discharge data for the ungauged part labeled Q4, Q5, Q7, Q8, Q10, and Q12 in Figure 1 were simulated by the Parameter-Efficient Distributed (PED) model [41,45]. The total 2017 inflow to the lake was determined by the sum of the discharge from the gauged and the ungauged rivers.



The 2017 outflow data through Abay was obtained from MWE (QO2). The outflow discharge through the Tana Beles Tunnel (QO1) is determined by dividing the power generation (provided by the Ethiopian Electric Power Authority by the generation efficiency, unit weight of water (9810 kg/m3) and the head difference between the lake level and the turbine (Figure A2 in Appendix A). The total lake outflow is then determined by adding the flows of the two outlets.




2.2.3. Lake Level and Bathymetry Data


Daily average lake level data (Figure A2) were obtained from the Abay Basin Authority. The observed lake level data was measured from a station in the southern part of Lake Tana (Figure 1). The bathymetric survey conducted in late 2017 was used for this study. The survey was performed on a 5 km grid and a round trip of the shore area. The data are published by Kebedew et al. [49].




2.2.4. Suspended Sediment Concentration Data


One-liter lake water samples were collected from 20 monitoring stations to determine the suspended sediment concentration during the rainfall phase in July, August, and September 2017 and in the dry phase in December 2017 and March 2018. The locations are depicted as numbers 1–20 in Figure 1. The sampling stations were close to the major inlet locations, which are the main sources of sediment and phosphorus: the central part of the lake, which is remote from transported material delivery; the southern region of the lake; the eastern and western portions of the lake; and near the mouth of the Blue Nile outlet and the offtake from the Tana-Beles hydroelectric power plant (Figure 1). A handheld GPS was used to find the sampling stations. The collected lake water samples were transported to the Bahir Dar Technology Institute water quality and treatment laboratory, Bahir Dar University, Ethiopia, for filtration. Water samples were filtered using Whatman filter paper with a pore size of 2.5 µm. The weight of sediment on the filter was determined after oven drying for 24 h at 105 °C.





2.3. Modeling Approach


2.3.1. Running the Model


The lake circulation pattern was simulated using the Delft3D-FLOW component of Delft3D model version 4.1. Delft3D is a state-of-the-art open-source modeling framework for lakes and reservoirs to simulate the hydrodynamics, water quality, ecology, waves, and morphology developed by Deltares in The Netherlands [61]. Delft3D-FLOW is a multi-dimensional (2D or 3D) hydrodynamic and transport simulation program that calculates non-steady hydrodynamic (and transport) phenomena in a curvilinear coordinate system [61]. It uses a continuity equation, a horizontal equation of motion, and a transport equation for conservative constituents. In Delft3D, the partial differential equations are transformed into discrete spaces and solved by the finite difference method.



The simulation of the flow pattern of Lake Tana consisted of delineating the lake boundary, grid generation, and defining physical and computational variables. As detailed in Kebedew et al. (2020) [49], the lake boundary was digitized from satellite image data. A total of 5600, 1-km2 square grid cells were generated within the lake boundary. Depth data for each grid was interpolated from the bathymetric survey using the existing reference level for lake level measurement, 1783.72 m a.s.l. [56].



Input data for the water balance computation of the model included the inflow to the lake at twelve points (Figure 1) and two outflow points (the Blue Nile and Tana Beles Tunnel). In addition, precipitation, evaporation, wind speed and direction, and hourly temperature were input parameters. Precipitation and evaporation are major water balance components because Lake Tana has a catchment area four times its size [41,42,44]. Finally, wind speed and direction play a major role in lake circulation and mixing [49].



Lake Tana has no thermal stratification and is fully mixed [31,49]. Hence, variations in sediment concentrations with depth could be ignored, and a two-dimensional simulation was employed for the analysis. The horizontal eddy viscosity and diffusivity were set to 0.002 m2 s−1 and 10 m2 s−1, according to the publication of Falconer et al. (1991) [62]. The Chezy coefficient value for bottom roughness was designated as a variable for calibration.



To evaluate the transport and distribution of suspended sediment and dissolved nutrients, a conservative tracer was released at the four major river outlets into the lake (Gilgel Abay, Gumara, Rib, and Megech) so that the river water had a concentration of 5 g L−1. The tracer release began in June at the same time the river discharge increased and continued until the end of August when the rains tapered off. See Figure 1 for locations of injections of the tracers in the four main rivers.



A ten-minute computational time step ensured computational stability during the simulation. The smoothing/startup time was 60 min for a smooth transition between the initial boundary condition and simulation [23]. The measured lake water level on 1 January 2017 was used as the initial water level for the simulation. The simulation was performed for one year (1 January to 31 December) with the 2017 metrological data. Inherently, it was assumed that the annual flows were cyclic. Simulated lake water level and tracer concentrations were recorded in text and graphical formats for each 10-min time step at the monitoring station labeled at the two outlets and the lake center to validate the lake water level (Stations 1, 19, and 20 in Figure 1).




2.3.2. Model Testing


The roughness coefficient was varied from 35 to 100 m0.5 to test its sensitivity to the lake-level simulations. To test the accuracy of the inflow–outflow data, the simulated lake levels were compared with the observed lake levels. Two simulations were performed. The first simulation used the observed data from MWE and Dessie et al. [42] as input. The second simulation used, in addition, inflow data simulated by PED [45] for the part of the basin that was not included in areas covered by MWE and [42].




2.3.3. Statistical Analysis


Organization of the data, conversion of the data from hourly to daily and monthly, and descriptive statistics, such as the mean, median, and standard deviation and root mean square error (RMSE), were determined. The spatial and temporal tracer distribution output and lake water level from the Delft3D model was also visualized. The suspended sediment distribution was mapped in ArcMap.






3. Results


3.1. Model Validation


For validation of the Delft3D model, the observed lake water levels were compared with the predicted water level. We found in the validation that the Root Mean Square Error (RSME) varied from 0.00395 to 0.00396 with a bottom roughness ranging from 35 to 100 m0.5. Thus, the effect of the bottom roughness was insignificant on the simulated lake water levels and the model default value for the bottom roughness of 65 m0.5 was adopted. In other publications, similar values were employed for large shallow lakes [23,35].



Rainfall, evaporation, inflow, and outflow are the parameters that affect the lake water level. The outflow and the meteorological data are more accurate than the inflow to the lake, especially when a sizable portion of the basin is ungauged. Therefore, the model performance depended greatly on the inflow from the ungauged areas (Figure 2). The simulated lake level with the available flow data from MWE and Dessie et al. [42] (dotted orange line) underpredicted the observed lake levels (Figure 2). Adding the discharge from the ungauged part, simulated by PED, the Delft3D model predicted the lake water level with an RSME of 0.00395 m (Figure 2).




3.2. Distribution of Observed Suspended Sediments of Lake Tana


Suspended sediment concentration (SSC), determined from 20 sampling locations on Lake Tana, had average concentrations of 99 mg/L in June, 300 mg/L in July, 352 mg/L in August, 222 mg/L in September, 142 mg/L in December, and 111 mg/L in March (Table 1). The SSC varies from a minimum of 13 mg/L in June at station 1 (lake center) to a maximum of 1926 mg/L in July at station 15 (near Gumara inlet). Secchi depth (Sec. dep) varied from 3 to 120 cm. The minimum was recorded at station 15 (close to the Gumara River inlet) in August, and the maximum was in March at the lake center at station 1 (Figure 1).



Spatially, during the rainy monsoon phase (July and August), the sediment concentrations were the most elevated, and the Secchi depths were the smallest at stations close to the major river inlets, namely 15, 16, 17, and 18. The stations at the center and northwest of the lake had the smallest concentrations and greatest light transparency (Figure 1 and Figure 3) for the locations of the stations. In addition, in the stretch from Megech to Gumara, the shallowest portion of the northeastern part of Lake Tana, the suspended sediment concentrations were elevated throughout the year (Figure 3). The statistics of the temporal values are summarized and presented in Table 1.



The resulting daily typical lake flow patterns are depicted in Figure 4. The main flow pattern is counterclockwise, especially when the wind comes from the southwest during the morning (Figure 4b). Near the east shore, the circulation is clockwise (Figure 4b–d). The clockwise flow pattern at night becomes larger, covering nearly half of the lake (Figure 4a). Near the southern shore, the outflow of the Gilgel Abay flows to the channel of the Tana Beles hydropower plant inlet and, to a lesser extent, to the Blue Nile outlet. In the northeast corner, the water of the Megech flows first to the east before joining the main clockwise loop. The wind direction changes cause several deviations in this main flow pattern, such as a reversal of the direction of the flow in the northeastern part of the lake during the afternoon and evening as a consequence of the northwest wind (Figure 4).




3.3. Tracer Distribution


Figure 5 shows the concentration of the tracer applied in the rain phase in the four main rivers from 1 June to 31 August. In Figure 5, all the tracer concentrations from the four main rivers are superimposed. The tracer distribution for the four individual rivers is depicted in Figure 6. The tracer concentration over time at the outlet and in the lake center is shown in Figure 7. The tracer concentrations indicate the general suspended sediment flow path, nutrient, and potential distribution when the sediment pickup from the bottom due to wave action and sediment deposition is not considered. Thus, the decrease in tracer concentration is due to the dilution.



When the tracers are released in June in the four main rivers, the tracer starts to distribute around the inlets (Figure 5 and Figure 6). In July, water and tracer from Gilgel Abay went directly to the Tana Beles hydroelectric plant channel to the east (Figure 6). In August, when the lake had risen and the outflow to the Blue Nile had increased, more flow and tracer went to the east and reached the Blue Nile outlet in September (Figure 6). In November, most of the tracer from the Gilgel Abay had gone away through both outlets. Some of the remaining tracers from the Gilgel Abay were transported northward near the east shore with a clockwise flow (Figure 4 and Figure 6). Also, some moved toward the lake center (Figure 6). The scenario before the operation of the Tana Beles Tunnel for hydropower generation in 1995 [56] was limited to the Abay outlet (Figure 7a).



Tracers from Gumara and Rib were initially distributed around the river inlets and then moved to the northeast with the counterclockwise flow depicted in Figure 4. The tracers covered a much smaller area than that of the Gilgel Abay because the discharge in each river was approximately one-third of Gilgel Abay (Figure 6). After the tracer application stopped and the discharge decreased at the end of August, the variable directions of the daily flows (Figure 4) dispersed the tracers over a wider area and consequently became less concentrated. A small amount of tracer from the Gumara found its way to the Blue Nile outlet in the middle of August (Figure 7b). The tracer released from the Megech River moved to the northeast of Lake Tana clockwise before joining the main counterclockwise flow (Figure 5 and Figure 6).



The distribution of the tracers released in the Gumara, Megech, and Rib overlap resulted in a greater tracer concentration in the northeastern part of the lake than for the individual rivers (Figure 5). The tracer released from the Gilgel Abay stayed mostly in the southern part of the lake. It did not overlap with the other rivers except near the mouth of the Blue Nile, with slightly greater tracer concentrations after August in Figure 5 than in Figure 6. In addition, all the rivers affected the tracer concentration in the center of the Lake (Figure 5, Figure 6 and Figure 7c).





4. Discussion


4.1. The Flow Pattern of Lake Tana


The simulated flow and tracer concentration patterns of Lake Tana provide information on the distribution and dynamics of sediment and nutrients. Comparing the tracer concentration (Figure 5) with that of the suspended sediment concentration (SSC) and the Secchi desk depth (Figure 3), a similar pattern emerges, even though the tracer concentrations were not subject to deposition, unlike the suspended solids. In the southern half of the lake, the flow pattern was dominated by the inflow of the Gilgel Abay, the outflow to the Tunnel of the Tana Beles hydropower station, and the outflow to the Abay (Blue Nile) in both the tracer and SSC concentrations and Secchi depth (Figure 3 and Figure 5). When the discharge was small in June, the slightly elevated concentrations and reduced Secchi depth were just around the Gilgel Abay outlet. In July, when the discharge was greater, the concentration increased and could be seen over an extended area. In August and September, with the high discharge of the Gilgel Abay, it grew further, and then the tracer reached the Blue Nile. The distribution was similar to the Sechi depth reduction but was not as obvious in the SSC concentration distribution in Figure 3. In December, most of the tracer and sediment were lost in the two outlets resulting in lower concentrations and increased Secchi depth readings (Figure 3 and Figure 5).



The tracer and suspended sediment patterns in the north and east of the lake were mainly affected by the counterclockwise flow pattern (Figure 4 and Figure 5). The counterclockwise flow moved the sediment and tracer of the Gumara and Rib northward, increasing its area from June to September. Especially in August, more suspended solids were flowing from the Gumara than indicated by the tracer distribution. In December, the overall tracer concentration in the lake varied from 0.4 to 0.8 g L−1 (Figure 5), which is 8 to 16% of the tracer concentration in the river from June to August. The sediment concentrations ranged from 50 to 300 mg L−1 in December. That is around 3–20% of the maximum concentration of 1500 mg L−1. Despite the sediment being deposited on the bottom of the lake, tracer and sediment concentrations are in the same range, indicating that dilution and loss through the outlets also play a role in the suspended concentrations.




4.2. Implication on Sediment and Nutrient Dynamics of Lake Tana


The flow pattern of Lake Tana plays a critical role in distributing the suspended sediment and nutrients in the lake. Due to the circulation pattern induced by the river discharge, water, sediment, and nutrients, such as phosphorus delivered by the Gilgel Abay River to the lake, flow to the two outlets (Abay and Tana Beles Tunnel) and are discharged from the lake relatively quickly. In contrast, the water, sediment, and nutrients from the Gumara and Rib Rivers from the east are transported to the northeast of Lake Tana following the counterclockwise flow pattern (Figure 4 and Figure 6). The flow from the Megech in the north flows to the east with a clockwise pattern to the northeast.



Consequently, most of the water and sediment delivered from the eastern and northern catchments stay longer in Lake Tana than the flow originating from the much larger Gilgel Abay. Due to the long retention time, water is lost by evaporation. The annual evaporation rate in Lake Tana is nearly 20% of the lake volume [49]. Therefore, sediment and phosphorus are retained because when the water evaporates, it cannot carry and sediment and phosphorus to the outlets.



Due to the accumulation of sediment and phosphorus from the northern and eastern catchments, the northeast of Lake Tana has the greatest suspended sediment and the shortest Secchi disk depth (Figure 2). The deposited sediments and phosphorus recycle back in the water column later in the dry season, when the lake water level is reduced [18,19,26] and causes elevated dissolved phosphorus concentrations in the northeast in the dry season [49]. Further research is also important through the water quality component of the Delft3D model to investigate the effect of the circulation pattern on specific water quality parameters.




4.3. Distribution of Water Hyacinth in Lake Tana


The spread of water hyacinth in Lake Tana is dynamic but limited to the northeast and partly to the east of the lake [18,50,52]. The suspended sediments and the available phosphorus from the Gumara, Rib, and Megech accumulate in the northeastern part of the lake (Figure 4 and Figure 5). The greatest sediment and available phosphorus concentration is thus in the northeast, where it reaches up to 38.5 mg P/kg while the average is 19 mg P/kg [26]. The phosphorus in the lake sediment is in equilibrium with the phosphorus dissolved in the lake water [63]. Therefore, dissolved phosphorus is also the highest in the northeastern part of the lake, with a maximum value of 0.6 mg P/L, which is about three times the average value of the lake at 0.21 mg P/L [19,26]. The main nutrient for the growth of water hyacinth is phosphorus [12]. Thus, the greatest expansion of the water hyacinths is on the northeastern side of Lake Tana. On the western side, the sediment and nutrients from Gilgel Abay flow out of Lake Tana through the Tana Beles outlets close to the Gilgel Abay River inlet (Figure 1, Figure 5 and Figure 6). As a result, the growth of water hyacinth is less likely on the western and southwestern sides of the lake.



Water hyacinth floats, grows rapidly, and can spread via lake currents [37]. Therefore, the accumulation of water hyacinth in the northeast of Lake Tana is due to the counterclockwise rotation of sediments from the Gumara and Rib, and the clockwise rotation of a portion of the sediments from the Gilgel Abay and all the sediments from the Megech (Figure 3). In the northeast, the flow pattern intersects, thus accumulating the water hyacinth near that area (Figure 4). In addition, the circulation in the west is away from the shore (Figure 3), while in the east and northeast, the flow patterns are towards the shore, preventing the water hyacinth from moving back to the center and other locations (Figure 3). Thus, the lake current hinders it from spreading back to the different areas of the lake. The accumulated suspended sediment and phosphorus in the northeast are generated from the northern and eastern catchments. Hence, control management strategies for water hyacinths should focus on reducing sediment and phosphorus concentrations in the catchments of north and east Lake Tana.





5. Conclusions


The paper addressed the effect of lake circulation on sediment and nutrient distribution and its implications on the spread of the water hyacinths in Lake Tana. The Delft3D-FLOW model was developed and applied to investigate the sediment and nutrient distribution and transport paths of Lake Tana. To visualize the transport of suspended sediment and dissolved nutrients on Lake Tana, inert tracers were released through the four main rivers draining into the lake. The performance of the model was assessed by comparing the observed and predicted lake water levels. The result showed that the lake circulation was counterclockwise except in the eastern part of Lake Tana. The counterclockwise flow pattern from the north and clockwise from the east intersects in the northeast and then recirculates back to lake outlet locations. Hence, the water, sediment, and associated nutrients, such as phosphorus generated from the eastern and northern catchments, had the longest retention time in the northeast of Lake Tana. As a result, most of the water is lost through evaporation while the sediment and phosphorus are partly suspended in the area and absorbed in the lakebed in the northeast. Therefore, the accumulated phosphorus creates a favorable condition for the growth of water hyacinths in the location. Whereas the sediments and nutrients delivered from Gilgel Abay, southwest of Lake Tana, flow out of the lake through the two outlets in a shorter retention time favored by the close locations with the outlets. Thus, the northeast of Lake Tana is a preferable site for water hyacinth growth due to its greatest suspended sediment and phosphorus concentration. Moreover, the spread of water hyacinth is limited to the northeast of Lake Tana due to the counterclockwise flow from the north and clockwise flow from the east which prevents it from spreading to other locations. Hence, the management and control mechanisms for water hyacinths should be focused on reducing sediment and phosphorus concentrations from the northern and eastern catchment areas of Lake Tana. Further study is recommended to identify hotspot areas for the runoff, sediment, and nutrient concentrations of the lake watershed, which could help to limit the spread of water hyacinths in Lake Tana.
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Figure A1. Water balance components of Lake Tana: the monthly volume of water for each component. Precipitation = total annual rainfall at the lake surface area; Evaporation = annual Lake surface evaporation; Inflow = total inflow to the lake (all flows through the gauged rivers and all flows through the ungauged rivers or tributaries; Outflow = total outflow from the lake (outflow through Blue Nile River and outflow through the Tana Beles Tunnel that diverts water for hydroelectric power generation). 
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Figure A2. Lake outflow through Tana Beles and Blue Nile outlet and Lake Water Level of Lake Tana in 2017 (See Figure 1 for the outflow measurement locations and lake level measurement station). 
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Figure 1. Location of the study area: (a) map of Lake Tana and Ethiopia in the National Geographic World Map and (b) Lake Tana basin indicating sampling points for suspended sediment, inflow and outflow points, and locations for lake level measurement and meteorological stations at Q1, Q2, Q3, Q6, Q9, and Q11. 
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Figure 2. Comparison of observed and simulated 2017 lake levels. “Predicted WL 2” (dashed blue line) is the simulated water level using the discharge of the upper Lake Tana basin and outflow data of the Ministry of Water and Energy, the Tana Beles hydroelectric power station outflow, and inflow data of the lower portion partly observed by Dessie et al. [42] and partially simulated by Parameter Efficient Distribution Model [45]. Predicted WL 1 (dotted orange line) is the water level with the observed river discharge data but without the simulated flows. 
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Figure 3. Spatial and temporal distribution of suspended sediment concentration (SSC, mg/L) and Secchi disk depth (Sec. dep, cm) of Lake Tana collected from 20 monitoring stations from June 2017 to March 2018. (See Figure 1 for the location of the sampling stations). 
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Figure 4. Diurnal variations of flow patterns and depth-averaged velocity of Lake Tana, the maps retrieved from the model for 3 July 2017 (a) late at night; (b) morning; (c) afternoon; and (d) evening. 






Figure 4. Diurnal variations of flow patterns and depth-averaged velocity of Lake Tana, the maps retrieved from the model for 3 July 2017 (a) late at night; (b) morning; (c) afternoon; and (d) evening.



[image: Hydrology 10 00181 g004]







[image: Hydrology 10 00181 g005] 





Figure 5. Monthly maps of tracer distribution in Lake Tana after the tracers were released in June through the four major inlet rivers flowing in the lake (Gilgel Abay, Gumara, Rib, and Megech). Spatial maps are retrieved at 9:00 a.m. on the 5th day of the month. The trace application was stopped on 31 August. 
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Figure 6. Time series tracer distribution of Lake Tana, when the tracers are released individually through the four major rivers inlets from 1 June to 31 August. Maps are retrieved at 9:00 a.m. on the 5th day of each month from June to December. 
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Figure 7. Tracer concentration plots at observation points released through Gilgel Abay, Gumara, Rib, and Megech inlets of Lake Tana from 1 June to 31 August (a) concentration of tracer outflow at the two outlets (b) at Abay (Blue Nile) outlet (c) at the center of the lake. 
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Table 1. Summary of suspended sediment concentration (SSC) and Secchi disk depth in Lake Tana from June 2017 to March 2018.
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June

	
July

	
August

	
September

	
December

	
March






	
SSC, mg L−1

	
Maximum

	
280

	
1926

	
1567

	
567

	
372

	
287




	
Minimum

	
13

	
13

	
16

	
92

	
44

	
22




	
Mean

	
99

	
300

	
352

	
222

	
142

	
111




	
St. deviation

	
94

	
524

	
477

	
161

	
101

	
83




	
Secchi depth, cm

	
Maximum

	
94

	
95

	
70

	
48

	
91

	
120




	
Minimum

	
15

	
5

	
3

	
10

	
46

	
38




	
Mean

	
49

	
43

	
30

	
30

	
69

	
82




	
St. deviation

	
23.3

	
29.1

	
19.6

	
11.0

	
14.2

	
29.2
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