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Abstract:



Channel reservoirs have the characteristics of both rivers and lakes, in which hydrodynamic conditions and the factors affecting the eutrophication process are complex and highly affected by weather conditions. Water age at any location in the reservoir is used as an indicator for describing the spatial and temporal variations of water exchange and nutrient transport. The hyper-eutrophic Changtan Reservoir (CTR) in Southern China was investigated. Three weather conditions including wet, normal, and dry years were considered for assessing the response of water age by using the coupled watershed model Soil Water Assessment Tool (SWAT) and the three-dimensional hydrodynamic model Environmental Fluid Hydrodynamic Code (EFDC). The results showed that the water age in CTR varied tremendously under different weather conditions. The averaged water ages at the downstream of CTR were 3 d, 60 d, and 110 d, respectively in the three typical wet, normal, and dry years. The highest water ages at the main tributary were >70 d, >100 d, and >200 d, respectively. The spatial distribution of water ages in the tributaries and the reservoir were mainly affected by precipitation. This paper provides useful information on water exchange and transport pathways in channel reservoir, which will be helpful in understanding nutrient dynamics for controlling algal blooms.
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1. Introduction


Channel reservoirs, which are different from normal reservoirs, have the characteristics of both rivers and lakes. The water depths and widths of channel reservoirs are often far less than their respective lengths, and their hydrodynamic conditions are complex and highly affected by the inflows. In dry years, due to reduction in inflows caused by less precipitation, water will stay in the reservoir for a longer time to meet a minimum requirement of storage, exhibiting the characteristic of lakes with relatively longer residence time. However, in wet years, the inflow from upstream is very large due to the large rainfall, and the water level in the reservoir is kept at a safe water level for the purpose of flood control, hence the outflows are often equal to the inflows, resulting in a shorter residence time and mimicking the characteristics of rivers. Therefore, the hydrodynamics in a channel reservoir can be highly affected by weather conditions. Previous research also showed that weather conditions (especially precipitation and temperature) have a marked influence on the discharge of a watershed [1,2,3]. In addition, since the inflow into a reservoir is highly associated with the duration and density of precipitation, and other weather factors such as winds, air, temperature, and humidity, it is essential to study the impact of weather conditions on the hydrodynamic process in a channel reservoir [3].



Recently, eutrophication has become one of the most serious environmental problems globally due to an increase in anthropogenic nutrients input [4,5,6]. It is observed even in reservoirs, which could directly affect human lives. Since a channel reservoir has dual properties of lakes and rivers, nutrient runoffs into the reservoir from upstream and local sources should be taken into consideration when studying the eutrophication process. Such studies usually require a large amount of observed data to determine amount and transport pattern of nutrients discharged into a reservoir. However, a long-term observed hydrology, meteorology, and water quality data are often hard to obtain, especially for remote areas. Hence it is necessary to find alternative approaches to supply the input data for hydrodynamic and water quality modeling of channel reservoir. Watershed modeling could provide an effective approach to predict the runoff hydrography which can supplement a shortage of long-term observed data.



When describing the impact of weather conditions on the hydrodynamic and eutrophication processes, it is important to find suitable parameters or timescale to determine the amount of nutrients discharged into a reservoir which can contribute to eutrophication due to their retention time. Many time scales have been introduced to quantify the exchange and transport processes and to assess the assimilative capacity of a water body. These time scales include age, transit time, residence time, turnover time, flushing time, etc. Timescales such as flushing time and mean residence time have often been used to estimate an overall retention time for a water body [4,7]; however, these steady-state approaches do not account for spatial and temporal variations in deep channels. In fact, timescale for a dissolved substance at a given location can be quantified by the use of the concept of water age (WA). The age of a particle of water body constituent is defined to be the time elapsed since the particle left the region, where its age is prescribed to be zero, or particularly, the time elapsed since a water particle is discharged from the headwater of a reservoir. In this study, the age is zero at the headwater of CTR and the age at any given location is representative of the time elapsed for a dissolved substance to be transported from its source to that location.



For decades, the concept of water age was widely used in simulating hydrodynamics and water quality in reservoirs, lakes, rivers, or estuaries under different weather conditions. Wang et al. [8] used the water age in Daliaohe Estuary using a 3D advection-diffusion model, and the impact of the runoff condition was taken into account through a series of numerical experiments. The water age distribution characteristics at the specific locations as responses to the runoff showed that the relationship between the average age at a specific position and the runoff could be expressed by a power function approximately. Xu et al. [9] also used a 3D hydrodynamic and eutrophication model to investigate the pollutant age distribution under different river discharges in the Pamlico River. Shen et al. [10] computed the water age using a 3D hydrodynamic model in Dahuofang Reservoir in China, especially different water layers. In the vertical direction, the age of the surface layers was higher than that of the bottom layers and the age difference between the surface and bottom layers decreased further downstream. Ren et al. [11] applied the water age concept to investigate the water exchange process in a large and densely stratified estuary, namely the Pearl River Estuary. The model was used to determine the WA distributions inside the Pearl River Estuary under various hydrodynamic conditions and it predicted that mean WA values during the dry and wet seasons are approximately 25 and 10 days, respectively. Gong et al. [12] investigated the effect of wind on transport time by using the concept of water age (WA) in the tidal Rappahannock River, a western tributary of the Chesapeake Bay, USA. The effect of wind on transport timescale depends strongly on the competition between the wind and buoyancy forcing, and on the pre-status of the circulation. Water age has several conceptual and practical benefits in evaluating hydrologic effects on environmental factors compared to the commonly used residence time (defined as volume/flow rate). Firstly, water age is calculated for each cell to show the spatial and temporal distribution in the study domain, while residence time only indicates the time taken for a particle to stay in a particular location. Secondly, water age accounts for the dynamic circulation of water within water bodies, whereas calculation of residence time from volumes and discharges assumes instantaneous mixing [13].



In this paper, water age was used as an indicator of flow residence and mixing to quantify the influence of weather conditions on the hydrodynamic and eutrophication processes. The main objectives of this paper are to: (1) develop a coupled modeling approach based on a watershed model and a hydrodynamic model for the hyper-eutrophic Changtan Reservoir in Guangdong Province, Southern China; (2) determine temporal and spatial distributions of water age in this channel reservoir under different weather conditions; and (3) analyze responses of water age to different weather conditions in a channel reservoir, and provide useful suggestions for the best water quality management based on the hydrodynamic process.




2. Methods and Materials


2.1. Study Area


This study area focuses on the Changtan Reservoir (CTR), a typical hyper-eutrophic channel reservoir located in the north valley of Jiaoling County, Guangdong Province in Southern China (Figure 1). The reservoir spans approximately 22.5 km from the Changxin Dam on the upstream (tail area) to the Changtan Dam on the downstream (head area), with a width of 150–300 m. It is the drinking water source for the 240,000 residents of a nearby city with a storage capacity of 114.5 million m3 [14]. The region surrounding the reservoir is a provincial Natural Preserve in the Guangdong Province with many rare wildlife species, where human activities are restricted. In recent years, CTR has become very eutrophic because of excess nutrients entering from the upstream areas. The reservoir saw a serious eutrophication in the summer of 2008 and 2010 [14]. The inflow to the reservoir mainly consists of a main channel and eight tributaries (Figure 1), the main channel originates from the Changxin Dam on the upstream, and eight tributaries are formed by sub-basins on both sides of CTR. The contributing area of CTR is 225.4 km2, while the upstream main channel of the river has a drainage area of 1794.7 km2. The main pollutants, produced by a huge number of cattle breeding industries on the upstream areas, are discharged into CTR along the main channel, resulting in a severe water pollution and algal bloom problem in the reservoir.


Figure 1. The map of CTR watershed and study area (Numbers 1–8 represent the tributaries, A–D represent the locations for analysis), Changxin Dam on the upstream is the tail area and Changtan Dam on the downstream is the head area in Changtan Reservoir.
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CTR has an average surface elevation of 143 m in wet years (annual rainfall > 1600 mm) and 138 m in dry years (annual rainfall < 1125 mm). The mean water depth is 35 m. There are three weather stations in this region and data for this study were collected from these stations. The annual mean rainfall of the region is 1594 mm; the main rainy season extends from April to September, and contributes 70% of the total rainfall in the year. The annual mean surface evaporation, temperature, and wind speed of the region are about 1000 mm, 21.2 °C, and 2.1 m/s respectively. The average discharge from upstream of CTR is 55.08 m3/s.




2.2. Model Description


There is no gauging station available for hydrological data at the tributaries to CTR, therefore a coupled model, however, was built to generate the corresponding information by linking the watershed hydrological model and the reservoir’s hydrodynamic model. Soil Water Assessment Tool (SWAT) and Environmental Fluid Dynamics Code (EFDC) were applied for watershed hydrological simulation and reservoir’s hydrodynamic simulation, respectively. The inflow rates of the eight tributaries, contributing to the reservoir, were simulated by the SWAT model, which were used to generate the missing hydrological data as the input boundary conditions for the hydrodynamic model.



2.2.1. Watershed Model (SWAT)


SWAT model is a public domain model developed by Arnold et al. [15]. It is a river basin, or watershed scale model which can predict the influence of long term climate conditions, varying soils and land use conditions on water, chemical load, and sediment in large complex watersheds [16]. Users should load the land use and soil datasets and determine land/soil/slope class combinations for the delineated watershed(s) and each respective sub-watershed. Hydrologic response units (HRUs) are used to describe spatial heterogeneity in SWAT [17].



The watershed of CTR was delineated by SWAT with a 30 m × 30 m Digital Elevation Model (DEM). The watershed was divided into 141 sub-basins (Figure 1). The land use data and soil data (including the proportions of clay, sand, loam and silt, the wilting point, field capacity, saturation, etc.) of the region were obtained from Global Land Cover Facility (GLCF) and International Soil Reference and Information Centre (ISRIC). The primary land use and soil type in CTR are FRST (Forest-Evergreen) and red earth. Sub-basin parameters such as slope gradient; slope length of the terrain; and the stream network characteristics such as channel slope, length, and width were derived from the DEM [18]. Land use is one of the most important factors that affect runoff; the dominant Hydrologic Response Units (HRUs) for the watershed were created by using land use and soil type maps. In this study, weather variables including daily rainfall, minimum and maximum temperature, wind speed and humidity in different typical reference years (See Figure 2 for relevant information. Note that average temperature was shown instead of minimum and maximum temperature ranges. The starting date in all figures in this paper is 1 January 2010) were used in the hydrologic simulation. The inflow of CTR was therefore simulated by the watershed model and fed into the hydrodynamic model.


Figure 2. Time series of daily rainfall (a); temperature (b); winds (c); and humidity (d) from 1 January 2010 to 31 May 2011 nearby CTR (The base time for Julian date in all figures in this paper was 1 January 2010).
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2.2.2. Hydrodynamic Model of CTR


Environmental Fluid Dynamic Code (EFDC) model was used as the hydrodynamic model for simulating the water age, water level, and current. EFDC is a three-dimensional (3D) hydrodynamic model, initially developed at the Virginia Institute of Marine Science [19,20,21]. The details of the EFDC model were documented by Hamrick [19] and Craig [22]. The model has been extensively applied to simulate circulation, thermal stratification, sediment transport, water quality, and eutrophication processes in numerous lakes, rivers, and estuaries [23,24].



Water age is defined as “the time that has elapsed since the particle under consideration left the region in which its age is prescribed as being zero” [25,26]. Several methods have been introduced for computing water age. Delhez et al. [25] provided a method for using numerical models to compute spatially varying age distributions in a real estuarine environment based on a tracer and age concentrations. Assuming that there is only one tracer discharged into the water body and there are no other sources and sinks of the tracer within the water, the transport equations for calculating the tracer and the age concentrations can be written as follows [25]:
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(1)
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(2)




where c is the tracer concentration, α is the age concentration, u is the velocity field in space and time domains, K is the diffusivity tensor, t is time, and [image: there is no content] is the spatial coordinate. The Equation (1) is a normal form of the conservative material transport equation, including the advection and diffusion process. The Equation (2) is the age concentration equation.



The mean age “a” then can be calculated as:
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(3)







The study area of the reservoir was restricted to Changxin Dam in the upstream and Changtan Dam in the downstream. The boundary coordinates of the study area were extracted from Google Earth. The reservoir bathymetry (Figure 1) was specified using recently conducted side-scan sonar imagery. A Cartesian computational mesh was generated using the EFDC-Explorer 6 pre-processor and constructed in a horizontally rectangular and vertically sigma-stretched coordinate system. The mesh contained 11,214 cells in the horizontal plane with a uniform grid size of 20 m, and 10 equally divided vertical layers. Each vertical cell thickness was equal to the local water depth divided by the number of vertical layers (e.g., a 30 m water column would have 3 m layers, a 60 m water column would have 6 m layers).



The model was driven by boundary conditions including inflow tributaries and outflow from the dam release, surface wind stress, and atmospheric forcing. The inflow/outflow of tributaries were obtained from the simulated result from the watershed model. The wind and metrological data in the hydrodynamic model were the same as those in the watershed model. When running the model, a dynamic time step, ranging from 1.0 to 20.0 s, was used to improve efficiency and maintain numerical stability. A critical dry and wet water depth of 0.15 m was assigned for the wetting/drying process.






3. Calibration and Validation for the Coupled Watershed and Reservoir Model


Calibration of the coupled model was conducted by using observed daily flow discharge values of Changxin Dam and Changtan Dam, water surface elevation and velocity values in the year 2010 between 1 January and 31 May. The daily weather data including temperature, wind, and humidity were used to drive the watershed model and hydrodynamic model (Figure 2). The main calibrated parameters for reservoir model included horizontal and vertical eddy viscosities and diffusivities, bottom roughness height, the wind sheltering coefficient (which affects the hydrodynamic process), and several parameters related to the temperature simulation. The turbulence parameters related to the Mellor-Yamada turbulence model [27,28] were treated as constants and their values were consistent with those used widely in other hydrodynamic models, such as the Princeton Ocean model [29] and the Estuary, Coastal, and Ocean model [30]. The hydrodynamic model was calibrated by adjusting the bottom roughness height (Z0) to better simulate the water elevation at point C (see Figure 1) and the velocities along the centerline of CTR. The observed daily water elevations in 2010 and the observed velocities along CTR’s main channel on 7 July 2010 were compared to the simulated results. It could be seen that the simulated WSE and velocities agreed with the observed values well, which indicated that the hydrodynamic characteristics of CTR was well represented by the coupled model. Due to no conventional hydrological monitoring cross sections along the reservoir, the lack of a long sequence of hydrology, water quality monitoring data made it difficult to simulate the water ecological dynamic model. Using different reliability rainfall data and meteorological data, we could build watershed hydrological model to simulate storage of basin runoff and pollutant concentration of main tributaries, which could solve the problem of missing data to generate water ecological dynamic model in reservoir. SWAT model is a watershed scale model which can predict the influence of long term climate conditions. In this study, Digital Elevation Model (DEM), land use data, soil data, rainfall data, evaporation data, and other basic data were used in simulating SWAT model. At the same time, the watershed hydrological main parameters of Changtan Reservoir were also important in simulation. The main parameters selected are shown in Table 1 below.



Table 1. Main parameters of watershed hydrological model.







	
Parameter

	
Definition

	
Value






	
SURLAG

	
Surface runoff lag coefficient

	
0




	
ESCO

	
Soil evaporation compensation factor

	
0.95




	
AWC

	
Available water capacity of the soil layer

	
0.12




	
GW_REVAP

	
Groundwater “revap” coefficient

	
0.8




	
RCHRG_DP

	
Deep aquifer percolation fraction

	
0.35




	
GW-ALPHA

	
Base flow recession constant

	
0.1




	
MSK_X

	
Muskingum Method weighting factor

	
0.2










The discharge data could be obtained by simulation of SWAT model, directly as the boundary condition of the EFDC hydrodynamic model. EFDC model was a mature application for hydrodynamic simulation, most of the physical parameters were not changed except some major hydrodynamic parameters, and the values selected are shown in Table 2.



Table 2. Main parameters of hydrodynamic model.







	
Parameter

	
Definition

	
Value






	
Z0

	
Bottom roughness height (m)

	
0.02




	
AHO

	
Constant Horizontal Momentum and Mass Diffusivity (m2 s−1)

	
1.0




	
AHD

	
Dimensionless Horizontal Momentum Diffusivity

	
0.2




	
AVO

	
Background, Constant or Molecular Kinematic Viscosity (m2 s−1)

	
0.001




	
ABO

	
Background, Constant or Molecular Diffusivity (m2 s−1)

	
1 × 10−9




	
AVMN

	
Minimum Kinematic Eddy Viscosity (m2 s−1)

	
1 × 10−4




	
AN

	
Minimum Eddy Diffusivity (m2 s−1)

	
1× 10−8




	
WSC

	
Wind shelter coefficient

	
1.0










A validation of the coupled calibrated model was conducted for the period of January to May in 2011. The measured daily WSE along CTR main channel on 15 May 2011 were available. It showed that the coupled model simulated satisfied the WSE in CTR during the validation period.



To quantify the errors and assess the performance of the calibrated model, the Mean Absolute Error (MAE), and Mean Relative Error (MRE) were used to assess the performance of the model.
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(4)
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(5)







The calculated MAE and MRE for water level errors were 0.31 m and 0.2%, respectively. The MAE and MRE for velocity were 0.04 m/s and 22%, respectively (Figure 3). The calibration and validation results showed that the simulation values agreed well with the observations, suggesting that the coupled SWAT and EFDC model of CTR could be used for simulating the hydrological and hydrodynamic process in the study area.


Figure 3. The results for calibration and validation of water elevation in CTR: (a) Calibration; (b) Validation.
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4. Application of the Coupled SWAT and EFDC Model in CTR


The calibrated model was applied to calculate hydrodynamic process in CTR under different weather conditions (precipitation, temperature) and inflow from the upstream. Since precipitation plays an important role on the inflow and water age in a channel reservoir [31], three typical years with different precipitation frequency based on the annual averaged precipitation frequency analysis from 1951 to 2010 were selected for water age simulation for our study in CTR. The three typical years were: (1) a wet year (1992) which has an annual precipitation greater than 80% of the recorded years; (2) an average year (1988) which has an annual precipitation greater than 50% of the recorded years; and (3) a dry year (2004) which has an annual precipitation greater than 10% of the recorded years. The annual averaged rainfalls of the three years were 2048 mm, 1771 mm, and 1035 mm, respectively, and the annual averaged temperature of the three years was approximately 21 °C. Time series of daily rainfall, temperature, wind forcing, and humidity in the three typical years were provided to drive the coupled watershed and reservoir model (Figure 4). The simulation period was a whole year (365 days) to ensure model stability and accuracy, as the water age changed with time before the arrival of head water to the specific location in the beginning of simulation. To assess the impact of weather conditions on the inflow and water age in the CTR, other input conditions (i.e., land use, soil classification, model parameters, time step) were kept constant for the three typical years as those used in the calibration scenario.


Figure 4. Time series of daily rainfall (a); temperature (b); humidity (c); and wind forcing (d) in the years of 1992, 1988, and 2004 nearby CTR.
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4.1. Temporal and Spatial Distribution of Water Age in Typical Wet, Average, and Dry Years


4.1.1. Changes of Water Age over Seasons in Typical Wet, Average, and Dry Years


Water age distribution is a function of flow discharge, air temperature, and wind in reservoirs, and it varies with time and space. To investigate spatial distributions of water age in the reservoir under different weather conditions, CTR was divided into three segments: the head, middle, and tail areas, each area spans approximately 7.5 km (Figure 1). As the head area (near the dam) of the reservoir is a potential eutrophication area where nutrient is rich and water moves slowly, more attention is paid to this area. Therefore, the water age at point C, shown in Figure 1, which is 200 m away from CTR dam in the head area, was selected for analysis and discussion. The temporal distribution of water ages in the three typical years are shown in Figure 5. The initial simulation period was used for model training until the water age reached 214 d to eliminate the impact of initial conditions. Therefore, the results from Day 215 to 579 (365 d in total) were used for assessing impacts of weather conditions on the water age. Generally, water age in the three typical precipitation years had the same variation trend over time. The water age reached the minimum in late Spring and early Summer, and a slight increase occurred in Fall, and the increasing trend maintained throughout the rest of the year. Comparing water ages in different weather conditions, the average water age in the dry year was 35–100 days more than the average year, and the average year was 10–50 days more than the wet year.


Figure 5. The simulated daily water age in the years of 1992, 1988, and 2004 in CTR.
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4.1.2. Spatial Distribution of Water Age in Typical Wet, Average, and Dry Years


In different areas of CTR, the water movement exhibited different spatial characteristics. The flow pattern in the tail area showed a similar flow characteristic as rivers, while the head area acted as lakes, and the middle areas had the characteristics of both rivers and lakes. In addition, the water ages in different areas changed with weather conditions (wet, average, and dry year) tremendously (Figure 6).


Figure 6. Time series of simulated water age in the years of wet (a), average (b), and dry (c) in CTR.
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In order to understand the spatial distribution of water ages in wet, average and dry years, the 7th day of July was selected as a representative day in the algal bloom season for further analysis as shown in Figure 7. In a wet year, water age in the tail and middle area was less than 1 d, and ranged between 1 and 3 d in the head area. However, water age in the downstream of the tributaries connecting to the head area was much higher than that in the reservoir, reaching 70 d. Similarly, in average and dry years, water ages increased along the main channel from upstream to downstream and relatively higher water ages appeared in the head areas as well. However, the values of water ages in average and dry years were significantly higher than that in the wet year. For example, the water ages in the head areas ranged from 50 to 100 days in average year, and 90–200 days in dry year, respectively. Thus, weather condition had a great impact on the temporal and spatial distribution of water ages in the reservoir.


Figure 7. Time series of water age in different typical years, about 200 m far away from CTR dam. (a) the spatial distribution of water ages in wet year; (b) the spatial distribution of water ages in average year; (c) the spatial distribution of water ages in dry year.
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To better understand the relation between the water age and the weather conditions, the monthly rainfall, temperature, discharge from upstream, and average water ages in CTR in the three typical years were compared in Figure 8. The results showed that the water ages in CRT were highly associated with rainfall and flow discharge from upstream in all typical years. For example, in the wet year, with the increase of monthly rainfall in Changtan watershed from 70 mm in January to 475 mm in March (Figure 8a), the flow discharge from the upstream of CTR increased from 17 m3/s to 169 m3/s correspondingly, and the water ages decreased from 83 d to 25 d. From March to April, the rainfall and flow discharge decreased, but water ages decreased during this period. This suggests that subsurface (slow) runoffs can play a role in the water age dynamics. From May to December, the water ages changed closely following rainfall variation. In the average and dry years, the trend is similar. In addition, monthly water ages (Figure 8d) exhibited differences in three typical years. The water ages in the dry year were greater than those in the average year, which were also greater than those in the wet year. The higher rainfall resulted in the higher flow discharge in the reservoir, and thus led to lower water ages in CTR. The results also indicated that the water body in the reservoir renewed more frequently in the wet year than in the dry year.


Figure 8. Monthly rainfall (a); temperature (b); discharge (c); and water age (d) in different years.
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4.2. The Impact of Short-Term Weather Conditions on Water Age in CTR


As previously mentioned, the water ages were sensitive to discharge affected by rainfall and wind. Compared with uncertainty analysis and sensitivity analysis in Lake Taihu [32,33] and Lake Mead [34], the discharge and rainfall intensity parameters are more important and sensitive when simulating the hydrodynamic model than parameters such as the wind and temperature in Changtan Reservoir, which is a channel reservoir. The hydrodynamic conditions are complex and highly affected by the inflows. In order to analyze the influence of meteorology (especially rainfall and wind) on hydrodynamic conditions in CTR, several days in the three typical years were selected to analyze the contribution of the atmosphere to water age distribution.



4.2.1. The Impact of Precipitation on Water Ages in CTR


According to the variation of rainfall and wind in the three typical years, three typical rainfall types were selected for analysis: (a) heavy rain from the 185th to 197th day in the wet year (3 July to 15 July in 1992); (b) moderate rain from 248th to 257th in wet year (4 September to 13 September in 1992); (c) light rain from 259th to 268th day in wet year (15 September to 24 September in 1992). Four representative points listed in Figure 1 in CTR were selected for analysis. Points A, B, C were located at tail, middle, and head areas of CTR respectively, while Point D was located at a tributary of CTR.



Water ages for different representative points and rainfalls during the corresponding period are listed in Figure 9. It can be seen that the water ages of CTR in all the four areas reduced substantially with a heavy rainfall, and the ages increased gradually after the rainfall (Figure 9a). However, the water age slightly changed at points A, B, and C with a moderate rain and was unchanged during a light rainfall in all areas. Water age of point A in the tail area and point B in the middle area decreased from 0.25 d to 0.03 d, and 2.63 to 0.17 d, respectively, when rainfall increased from 0 to 90 mm in the same day. Then ages at points A and B increased when rainfall stopped, and the response time for water age was in accordance with the rainy period. It was obvious that the response time at point C in the head area was delayed one day after the flush of rainfall. The main flow from upstream took one day to travel to point C. Water age of point D in the tributary was decreased to 2 d compared with points A and B. Comparing a moderate rain (Daily rainfall between 10 and 25 mm) with a heavy rain (Daily rainfall between 25 and 50 mm) (Figure 9b), water age of point A dropped from 7.5 to 0.3 d. However, water ages at points B and C decreased to 2 and 3 d respectively after the rainfall. Water age at point D seldom changed with a moderate rain. Compared to that in heavy rain, the response time at points B and C delayed by 2 d. In a light rain case, the decrease of water age only occurred at point A (the tail areas), and the decrement was less than that in the cases of heavy and moderate rains. Therefore, it was obvious that the water age was greatly dependent on rainfall intensity and channel distance. In addition, for the three typical years, the temporal and spatial distributions of water ages in the reservoir (Figure 8) showed that the ages in the main channel were lower than that in the tributary (location D). Therefore, water ages in the main channel were mainly affected by the flow from upstream, and the flow from tributaries only affected some areas near the river mouth.


Figure 9. Water ages at the point C (shown in Figure 1) and rainfall: (a) a heavy rain; (b) a moderate rain; (c) a light rain.



[image: Water 08 00372 g009a][image: Water 08 00372 g009b]







4.2.2. The Impact of Winds on Water Ages in CTR


Wind is also an important factor that can affect temporal and spatial variations of water age in the reservoir. In order to study the effect of winds on water age, the simulation results of water ages in two days in the dry year (3–4 September in 2004), based on the observed data, were selected for analysis. The average wind speed and prevailing wind direction were 2 m/s and from south for the first day (3 September), and 1.8 m/s and from north on the second day (4 September). No rainfall events occurred in these two days, hence rainfall effect was eliminated. The variation of water age within this period could be attributed to the winds. In CTR, the shape of tail area and middle area are long and narrow, while the head area widens gradually. For convenience, the water age at point A in the tail area and point C in the head area (see Figure 1) were selected to analyze the wind effect (Figure 10). The results showed that the impact of winds caused small variations in water age at the tail area (Figure 10a,b), and a relatively large variation at the head area (Figure 10c,d). Compared to the first day, water age in the second day decreased by 29% in the western part of the tail area, indicating that wind had some impact on the distribution of age in a wide area.


Figure 10. Temporal and spatial distribution of water age in two days with opposed wind directions: (a) north wind in tail areas; (b) south wind in tail areas; (c) north wind in head area; (d) south wind in head area.
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4.2.3. The Impact of Air Temperature and Humidity on Water Ages in CTR


Air temperature is an important weather factor effecting runoff. Temperature was considered during the simulation in both the watershed model and the hydrodynamic model. However, because of the greater variation of rainfall in the basin, the effect of temperature variations on runoff was imperceptible. The results also suggested that the variation of discharges and ages was significantly correlated to rainfall, and had nearly no relationship with temperature (Figure 5). Humidity did not affect rainfall and runoff according to our modeling results. Therefore, these weather variables (temperature and humidity) have little effect on water ages.





4.3. The Potential Area for the Risk of Algal Bloom in CTR


Usually, algal biomass (Chl-a) is lower under low water age—higher flow conditions and higher under higher water age—lower flow conditions. Therefore, water age (a measure of residence time) was chosen as the primary hydrologic variable to reflect algal biomass. Coveney et al. [35] reported that Chl-a increased until water age reached approximately 80 d in the lower St. Johns River, a freshwater river in Palatka, Florida, USA, but further increases in monthly mean water age resulted in little or no change in Chl-a concentration. Their definition of an algal bloom was a Chl-a concentration greater than 40 μg/L. Since CTR had similar characteristics, in terms of physical and chemical processes, as lower St. Johns River, 80 d was selected as the reference point for algal bloom growth. However, this value can be easily modified in analysis if a site-specific value is received from observation. From the spatial distribution of water ages in summer (Figure 7), we found that areas with a water age >80 d were located in the tributaries during the wet seasons, and in the head area and tributaries during the average and dry seasons. In general, the ages in downstream tributaries and reservoir bays were higher than those in the upstream channel, indicating that downstream tributaries and head area were the areas in the reservoir which were more susceptible to algal bloom or eutrophication. Using our approach, these areas can be more accurately delineated.





5. Discussion


5.1. The Impact of Weather Conditions on Reservoir Management


Rainfall intensity and catchment areas determine runoffs into a reservoir. When it experiences a heavy rainfall, concentration of nutrients in a reservoir would reach a peak in a short time due to high influx of pollutants. However, subsequent higher inflow would then reduce concentrations substantially. On the other hand, when it experiences a moderate or lighter rainfall, pollutants would stay longer in the reservoir, which would increase a risk of eutrophication and algal bloom. The same situation existed in CTR. During moderate rainfall, discharge from tributaries were lower and had a smaller impact on the hydrodynamic transportation, hence more attention should be paid to the flow discharge from the upstream for water quality management in reservoirs.



Winds had a limited impact on the water age variation in the channel reservoir in this study. When winds blew in the flow direction, the water age was lower. However, when wind blew in a direction opposite to the direction of the main flow, the water age was higher, which can result in higher risks of eutrophication or algal bloom in the reservoir.



Temperature did not have an obvious impact on the hydrodynamic conditions, but it is an important factor for algal growth. It should be noticed that temperature should be taken into consideration when selecting a threshold water age value for eutrophication.




5.2. Algal Bloom Response to Water Ages in Channel Reservoir


It was found that algal biomass (Chl-a) is lower when water age is lower and flow velocity is higher [27]. A possible explanation for this phenomenon is that phytoplankton in the reservoir could better utilize nutrients under long retention time to induce algal bloom. Furthermore, long retention times promote recycling of nutrients from sediments and nitrogen fixation if N is limited. In contrast, during short retention time–high flow periods, loading of nutrients in runoff is maximal but other constraints (such as light limitation) suppress the attainment of maximal algal standing stock, even with sufficient nutrient supply. In addition, a possible disconnect between nutrients and Chl-a could be better understood by examining short and long water age conditions separately. Relationships between algal biomass and water age could be complex because both coincident and antecedent flow conditions could affect algal growth. Algal blooms occurred annually during summers in CTR, although the magnitude and the exact timing varied. We suspect that these patterns are due to combined effects of annual and longer term oscillations in rainfall. The magnitude (and likely the duration) of summer algal blooms was related to summer water age.



In channel reservoirs, according to different residence times of the water body, flow behaves like both a river and a lake. Our study showed that temporal and spatial distributions of water age varied differently in different weather conditions, and the hydrodynamic transportation enhanced significantly in wet years. However, water age remained higher in the downstream tributaries and reservoir bays. Generally, it behaved like a river in the upstream and like a lake in the downstream area. Thus, more attention should be paid to the head areas for reservoir pollution control.





6. Conclusions


This study provides useful information for water exchange and transport processes in channel reservoirs, which will be helpful in understanding nutrient dynamics for controlling algal blooms. A coupled model involving the watershed model, SWAT, and the hydrodynamic model, EFDC, along with the concept of water age were applied to the Changtan Reservoir (CTR) to study the impact of weather conditions on the hydrodynamic processes and the potential consequence on water quality in the Changtan Reservoir (CTR). The concept of water age was applied to the CTR to assess the long-term transport timescales. The age calculation was formulated with the intention to provide spatial distributions of transport characteristics in a numerical model simulation. The results showed that water ages varied tremendously under different weather conditions. Rainfall was the dominant factor in controlling temporal and spatial distributions of water age. Wind has some impact on the distribution of age in the head areas, but it has limited impact on tributaries due to geometric features of the channel reservoir. Other weather conditions such as temperature and humidity had little effect on water age. In addition, water age was chosen as the primary hydrologic variable to reflect water exchange in the reservoir. The spatial distribution of water ages showed that the areas in the reservoir with high risks of algal bloom are located in the tributaries and the head area. This provides a simple approach to quantitatively estimate timing, area, and intensity of algae bloom in polluted water bodies. In addition, the coupled model combining a watershed model and a hydrodynamic model provides a useful approach for water quality prediction despite shortages of observed data.
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