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Abstract: A three-dimensional (3D) numerical model was developed to investigate the 

thermodynamic and sediment processes in a subtropical drinking water reservoir. Data-driven 

models were also established to generate the inflow conditions. The modelling outputs revealed 

that climatic forces such as storms and winds significantly impact lake stratification and mixing 

processes. The sediment transport is driven by storm events, during which sediment delivery to 

the reservoir is dominated by allochthonous flux. The sediments are transported from riverine 

zones to transition zones and finally to lacustrine zones. It is estimated that sediment 

accumulation could have reached 100,000 kg during the largest storm event in February 2015. 

The winds can lead to a strong vertical water cycle, especially at the centre of the reservoir, and 

strong winds result in bed erosion in shallow regions. The outcomes of this paper benefit future 

research by providing a modelling approach for understanding the hydrodynamics of lakes and 

reservoirs under a variable climate, and also the local water utility by providing insights for an 

improved management of the reservoir of this study. 
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Article Highlights: 

• Coupled data-driven and numerical model of a shallow water reservoir 
• Storm and winds have significant impacts on the lake stratification and mixing 

processes.  
• Sediment transport dominated by allochthonous flux during storm. 
• Strong winds result in the bed erosion in shallow regions of the lake. 

Keywords: Lake dynamics; Numerical modelling; Sediment transport; Water treatment  
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1. Introduction 

Aquatic systems in reservoirs are dynamic, complex and influenced by both internal and 

external forces and processes. The interaction between meteorological, hydrological, 

hydrodynamic, thermodynamic and ecological processes may influence water quality within a 

reservoir temporally and spatially, in both horizontal and vertical directions [1,2]. Water 

temperature and sediment concentration are two important parameters that influence water 

quality in aquatic ecosystems [3-7]. Water temperature in lakes affects chemical reaction rates, 

the dissolved oxygen (DO) content of water, aquatic flora and fauna growth rates and mortality 

[3]. Sediments in water, on the other hand, can affect the physical and chemical environments 

of the water column through their transport [8]. Sediment transport also influences the cycling 

of nutrients through the adsorption and desorption of dissolved nutrients in the water column 

[9]. Achieving and maintaining constant high water quality standards is an essential 

requirement to fulfil various demands in relation to reservoirs [10]. The variation in water 

temperature and sediment concentration not only affects the water quality but also results in 

spatial and temporal gradients in a number of physical processes, such as sediment erosion and 

deposition[4,11]. It is necessary to understand the spatial and temporal variation of the thermal 

structure and sediment transport processes, especially during and after storm events, since 

during these events there is more disruption to the lake systems [12-14]. Complex numerical 

models are often applied to fully capture these changing dynamics [12,15]. With decreased 

computational costs and improvements in computational power, coupled three-dimensional 

(3D) hydrodynamic and water quality models are increasingly being used [16].  

Several studies have been conducted to simulate the thermal structure and sediment 

transport processes using numerical models in recent years. Weinberger, Vetter [5] calibrated 

and validated a hydrodynamic model to simulate the vertical thermal distribution in Lake 

Ammersee, Germany. The simulated results indicated that climate change had led to an 
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extended duration of stratification and a lack of mixing as a result of higher water temperatures 

in line with other recent studies [17].  Jin et al. [18] used a hydrodynamic and sediment transport 

model to simulate the sediment resuspension and transportation caused by wind-driven currents 

and waves in Lake Okeechobee, United States, during storm events and hurricanes among 

others. The simulation indicated that near surface velocities were affected by the wind 

conditions and they matched the predominant wind directions. Li et al. [19] developed a 

hydrodynamic model and a distributed catchment hydrological model to simulate spatial water 

level differences in Poyang Lake, China. The results revealed a satisfactory agreement with 

field observations, and both models accurately simulated seasonal changes in the lake surface 

area. Such models extend the understanding of reservoir systems and enhance the interpretation 

of spatially and temporally incomplete field measurements. Models are an essential tool to 

support decision making, especially in lakes or reservoirs that supply drinking water [16,20-

22]. 

In Tingalpa reservoir, that is a small subtropical Australian reservoir, previous studies 

found that heavy rainfall, especially occurring after a dry period, led to dramatic accelerated 

water mixing and significantly influenced water quality [23]. The water temperature and 

turbidity variation in the vertical direction were also studied in this reservoir as part of the same 

study. However, the 3D hydrodynamic characteristics of the thermal structure and partial 

sediment processes, such as sediment deposition and erosion, remain unknown.  Therefore, in 

the present study, a complex 3D hydrodynamic and sediment transport model was developed 

to evaluate the seasonal variation of water temperature and sediments and to assess the impact 

of storm events on the reservoir. Such a 3D model would enable to understand the impact of 

storm events and winds on thermal structure and sediment transport over time and discover the 

variation of water temperature and sediment in different locations of the reservoir. 
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2. Study site and monitoring data 

Tingalpa Reservoir is a subtropical reservoir located in South-Eastern Queensland, Australia 

(153.18°E, 27.53°S), as displayed in Fig. 1. This reservoir provides approximately 20% of the 

water supply to Redland City, which currently has a population of around 150,000 inhabitants. 

The reservoir is bounded by the Leslie Harrison Dam (LHD), which was completed in 1968. 

The surface area is 470 ha at full capacity, and the catchment area covers 87.5 km2. The main 

inflows are from Tingalpa Creek from a south-western direction and Stockyard Creek from a 

south-eastern direction. An intake tower, located on the north-eastern side of the reservoir, 

withdraws the raw water and redirects it to the Capalaba Water Treatment Plant (WTP). The 

dam is managed by Seqwater, the main bulk water supplier in the South-East Queensland 

region. Seqwater commenced a dam improvement program in 2014 and reduced the water level 

in Tingalpa Reservoir to ensure the upgrade works could be completed. After the reduction of 

the water levels, the full supply capacity in August 2014 was lowered from 24,868 ML to 

13,206 ML, with a water level of 16 mAHD. 

Fig. 1 (located here) 
 

The bathymetry of the lake was measured using a Tritech SeaKing Dual Frequency 

Profiler, and is presented in Fig. 1. The water depth varies from 2m to 16m. A vertical profiling 

system (VPS) was installed in the Tingalpa Reservoir 500 m from the dam wall in 2013, as 

depicted in Fig. 1. Such systems consist of a buoy, with a probe system connected to a set of 

water quality sensors that are automatically winched up and down the water column to measure 

water quality variables, including water temperature, DO, turbidity, pH, conductivity, 

chlorophyll a, fluorescent dissolved organic matter and blue-green algae counts. The VPS 

collects these water quality data for the full vertical profile from the surface to the depth of 13m 
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and transmits the collected data via telemetry to the Seqwater datasets. This situ measurement 

is made at a 1-hour interval and data stored every 1m. 

Daily outflow discharge data from 2014 to 2016 were also obtained from Seqwater, 

including the outflow volume to the Capalaba WTP and the water from the LHD. Water samples 

for the determination of suspended solid concentrations were collected on a monthly basis by 

Seqwater. Suspended solid sediment concentrations during the period from 2014 to 2016 were 

measured at two sampling points (marked as ‘a’ and ‘b’ in Fig. 1) and at the inflow monitoring 

station (marked as ‘c’ in Fig. 1). In addition, daily water level data from 2014 to 2016 were 

collected near the dam wall from Seqwater. Weather conditions, such as the hourly air 

temperature, hourly wind speed and direction, hourly relative humidity, hourly evaporation and 

daily precipitation, were collected from the Australian Bureau of Meteorology from 2014 to 

2016.  

3. Methodology 

This study employed a modelling framework consisting of both hydrodynamic and sediment 

transport models, which are enforced by the inflow conditions predicted by data-driven models. 

The hydrodynamic model was first used to simulate flow and temperature variation in the lake. 

The coupled sediment model was then applied to estimate the distribution of sediment 

concentration along the lake from extreme events. 

3.1 3D hydrodynamic model 

To investigate the hydrodynamics and thermal structure a in the Tingalpa Reservoir, a 3D time-

dependent hydrodynamic model  MIKE 3 FM [24], was applied. The MIKE 3 FM model is 

based on the numerical solution of the 3D incompressible Reynolds-averaged Navier-Stokes 

equations under the Boussinesq and hydrostatic assumptions [24]. The model included 

continuity, momentum, temperature, salinity and density equations and utilised a turbulence 

closure scheme. A horizontally unstructured and flexible grid was applied, with larger cells in 
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flat areas and smaller cells in narrow channels. The grid cells were triangular, ranging in area 

from 3,000 to 4,000 m2 and totalling 1,204 in the study domain. In the vertical direction, the 

variable sigma co-ordinates formulated by Song, Haidvogel [25] were adopted. The top 10 m 

in the vertical direction were divided into five levels with uniform interval. The bottom layer 

was discretised into z-levels with a 1-m interval. To guarantee the stability of the numerical 

simulation, the time step was determined to be 12 s to ensure that the maximum Courant number 

was less than 5 [26]. 

The model was set up to simulate the flow and the variations of the water temperature 

in Tingalpa Reservoir continuously over the period 2014–2016. Initially, on, a uniform 

distributed temperature of 28.28℃ was assumed along the whole Reservoir. The daily discharge 

rates were specified as the boundary condition at the dam, located in the northeast of the 

reservoir, as depicted in Fig. 1.  The model was driven by hydrometeorological conditions (wind 

and precipitation on the lake surface) and the heat exchange between the atmosphere and the 

lake. The bed resistance was described by a constant roughness height of 0.05 m, which was 

obtained from the results reported previously [11]. The horizontal and vertical eddy viscosities 

were simulated using the mixed Smagorinsky and k-ε formulation [24].  

3.2 Sediment transport model 

To investigate sediment transport in the Tingalpa Reservoir, a mud transport model was coupled 

with the hydrodynamic model. The sediment model includes the transport and deposition 

processes of fine-grained materials. The suspended sediment are divided into a number of size 

classes, for size k, the following sediment transport equation is solved: 
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where, subscript k designated the variable associated with sediment size class k, 𝑐𝑐𝑘𝑘 is the 

sediment concentration (g/m3); 𝜕𝜕 is time (s); (x, y, z) are the Cartesian coordination; u, 𝑣𝑣 and w are the 
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velocity components (m/s) along the Cartesian coordinates x, y, z, respectively; wk is the settling velocity 

(m/s); DHk and DVk are horizontal and vertical diffusivities (m2/s). 

The suspended sediment concentration (SSC) measured at point b (in Fig. 1) in January 

2014 was used as the initial value. The sediment transport model was utilised to simulate 

cohesive and fine sand sediments. According to the field measurement, the cohesive sediment 

in the Tingalpa Reservoir typically has grain sizes of 0.035 mm, which account for 94% of total 

sediment. Based on Stokes’ law, the settling velocity of the cohesive sediment is roughly 1.09 

× 10-5 m/s, which is so small that sediment settling can be neglected. The fine sand sediment 

has a grain size of 0.081 mm with a settling velocity of 5.71 × 10-4 m/s. Time dynamic sediment 

concentrations were used at the open boundary of Tingalpa Creek and Stockyard Creek and at 

the sink point, as described in Section 3.4. The proportion of the cohesive and fine sand 

sediments in the reservoir water was assumed to be the same as that in the creek water. In terms 

of the total sediment concentration at the boundary, it was assumed that 94% of the sediments 

were cohesive sediments and 6% of the sediments were fine sand sediments. The initial bed of 

sediment was defined as one layer with a 1-m bed thickness and consisted of 90% fine sand 

sediments and 10% cohesive sediments. 

3.3 Data-driven models for inflow conditions 

The inflow from Tingalpa Creek, located at the upstream of the Tingalpa Reservoir (Fig. 1), is 

the major open boundary condition.  The only available monitoring data close to this site include 

the volume flow rate (q), water level (h), water temperature (T), turbidity (Ct), DO, pH and 

conductivity collected by the Queensland Department of Environment and Resource 

Management at an hourly interval from 2009 to 2012. The stream-monitoring site is upstream 

of the Tingalpa Creek and is about 2 km from point c in Fig. 1. The creek water quality was 

measured by probes at the surface layer of the water. Rainfall is daily data, while water level in 

the creek is hourly data. In order to analyse the regression between rainfall and water level, 
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daily water level data (mean daily water level) is used in this study. Fig. 2 indicates that heavy 

rainfall led to the increase in the water level in the Tingalpa Creek catchment. 

Fig. 2 (located here) 
 

The available measurements of rainfall and the estimates of the daily water level from 

2009 to 2012 were applied to develop a regression involving the rainfall and water level 

following: 

ℎ𝑖𝑖 = 𝑎𝑎1𝑅𝑅i + 𝑏𝑏1𝑅𝑅i−1 + 𝑐𝑐1𝑅𝑅i−2 + 𝑑𝑑1, (2) 

where R is the rainfall, i represents the current day, i–1 represents 1 day earlier, i–2 represents 

2 days earlier, and a1 , b1, c1 , d1 are regression coefficients. It was found that the best 

multivariate linear regression was based on the factors a1 = 2.72 × 10-4, b1 = 6.80 × 10-5, c1 = 

1.69 × 10-5 and d1 = 0.14, with an R2 of 0.55 during the period 2010–2012. 

Chowdhury et al. [27] developed a rating curve to convert the continuous water level 

from the pressure transducers into discharge in Tingalpa Creek. According to the data analysis, 

an exponential relationship (Fig. 3a) was found to estimate the stream discharge as a boundary 

condition which can be applied in the hydrodynamic model, the relationship can be written as 

: 

𝑞𝑞 = 𝑎𝑎2𝑒𝑒𝑏𝑏2ℎ + 𝑐𝑐2𝑒𝑒𝑑𝑑2ℎ, (3) 

where 𝑞𝑞 is the volume discharge rate (m3/day) in Tingalpa Creek, h is the water level (m) in 

Tingalpa Creek, and a2 , b2, c2 , d2 are regression coefficients. The best fitted factors are a2 = 

69,090, b2 = 1.098, c2 = –83,350 and d2 = –0.39, with R2 = 0.94.  

Fig. 3 (located here) 
 

A strong correlation between the air temperature and creek water temperature was also 

found. The linear regression models between the air temperature (daily minimum, daily 
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maximum and daily mean) and water temperature were developed. The correlation between the 

minimum air temperature and the water temperature was stronger in Fig. 3b, so the minimum 

air temperature (Tair) data and estimates of the daily water temperature (Twater) in Tingalpa Creek 

were applied according to Eq. (4): 

𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑎𝑎3𝑇𝑇𝑤𝑤𝑖𝑖𝑤𝑤 + 𝑏𝑏3, (4) 

in which the regression coefficients a3 = 0.75 and b3 = 7.13, with R2 of 0.88. 

The SSC at inflow locations was measured and recorded monthly by Seqwater. 

However, the monthly measured data were not frequent sufficiently to describe the sediment 

variations during storm events. The sediment rating curve was therefore developed using Eq. 

(5) 

𝐶𝐶𝑠𝑠 = 𝑎𝑎4 × 𝑞𝑞𝑏𝑏4 , (5) 

in which a4 is the rating coefficient, and b4 is the rating exponent. It was found that the best 

rating curve was obtained with an R2 of 0.75, based on the factor a4 = 0.46 and b3 = 0.36, which 

was close to a value of 0.4, as suggested by Ciesiolka et al. [28]. The sediment rating curve was 

applied to estimate the SSC of inflow conditions during storm events in 2015, as demonstrated 

in Fig. 4.  

The water turbidity, 𝐶𝐶𝑤𝑤, at the VPS station (as marked in Fig. 1) was measured hourly 

and recorded in nephelometric turbidity units. The SSC (𝐶𝐶𝑠𝑠 in mg/L) at a water depth of z is 

estimated using 

𝐶𝐶𝑠𝑠 = 𝑎𝑎5 + 𝑏𝑏5𝑙𝑙𝑙𝑙𝑙𝑙(𝐶𝐶𝑤𝑤) + 𝑐𝑐5𝜕𝜕, (6) 

where 𝐶𝐶𝑠𝑠 is the SSC (mg/L) at VPS station, 𝐶𝐶𝑤𝑤 is the water turbidity (NTU) at the VPS station, 

𝜕𝜕 is the water depth (m), z = 10 means the water depth of 1m and z = 1 is the water depth of 

10m. When the regression coefficients a5 = 2.14, b5 = 1.78 and c5 = –0.049, the model 

achieved the best regression with an R2 of 0.62. 
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Fig. 4 (located here) 
 

The overall model structure was composed by data-driven models for inflow conditions, 

a hydrodynamic model and a sediment model. The overview of the models and their inputs and 

outputs are presented in Fig. 5. 

Fig. 5 (located here) 

 

3.4 Atmospheric conditions and other boundary conditions 

The hourly air temperature, sum of daily rainfall and weekly wind conditions (wind speed and 

wind direction) are presented in Fig. 6. Fig. 6a reveals that the air temperature exhibited 

seasonal variation during the study period: the maximum air temperature was 38℃ in the 

summer, and the minimum air temperature was 8℃ in the winter. During a period of February 

2015, heavy rainfall in excess of 100 mm per day occurred at the Tingalpa Reservoir. Fig. 6c 

indicates that northeast and southwest winds are dominant; such winds have the longest wind 

fetch.    

Fig. 6 (located here) 

 

The SSCs measured in Tingalpa Creek were input as boundary conditions in Tingalpa 

Creek and Stockyard Creek, and the simulation period in this study was 1 January 2014 to 1 

January 2016. The sediment rating curve following Eq. (5) was applied to estimate the SSCs in 

the creeks during storm events in 2015. Fig. 7 indicates the SSCs in Tingalpa Creek and at 

measuring station d. The SSCs at point b are assumed to be the same as that at the outflow water 

of the reservoir. 

Fig. 7 (located here) 
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3.5 Model calibration 

The model was calibrated for both the hydrodynamic and sediment transport modules. The 

simulation ran from 2014 to 2016 based on the model configuration described above. The heat 

exchange coefficients for the evaporative heat loss were determined, and the constant and wind 

coefficients in Dalton’s law were calibrated at 1.5 and 0.9, respectively, based on the measured 

evaporation data. To accurately reproduce the water temperature of the surface layer, the light 

extinction coefficient in the heat exchange module was calibrated at 3.0. The critical shear 

stresses of deposition for cohesive sediments and fine sand sediments were 0.03 and 0.10, 

respectively, and the shear stresses of erosion for different types of sediments were calibrated 

at 0.3. The simulated results were validated in terms of the water level, temperature and SSC. 

The statistical errors were estimated, as defined in the following equations: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑(𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜−𝜂𝜂𝑜𝑜𝑠𝑠𝑠𝑠)2

𝑛𝑛
 , (7) 

𝑅𝑅2 =  � ∑(𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜−𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜)(𝜂𝜂𝑜𝑜𝑠𝑠𝑠𝑠−𝜂𝜂𝑜𝑜𝑠𝑠𝑠𝑠)
�∑(𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜−𝜂𝜂𝑜𝑜𝑜𝑜𝑜𝑜)2�∑(𝜂𝜂𝑜𝑜𝑠𝑠𝑠𝑠−𝜂𝜂𝑜𝑜𝑠𝑠𝑠𝑠)2

�
2
, (8) 

where 𝜂𝜂𝑜𝑜𝑏𝑏𝑠𝑠 and 𝜂𝜂𝑠𝑠𝑖𝑖𝑠𝑠 represent the observation and simulation data, respectively; 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is the 

root mean square error; R2 is the coefficient of determination; 𝑛𝑛 is the number of the record; 

and 𝜂𝜂𝑜𝑜𝑏𝑏𝑠𝑠 and 𝜂𝜂𝑠𝑠𝑖𝑖𝑠𝑠 represent the observed and simulated mean values. 

A comparison between the simulated and measured daily water levels at the LHD is 

provided in Fig. 8. The comparison displays reasonable agreement. The RMSE between the 

simulated and observed water levels was 0.04 m. The simulated water level generally matched 

the observed water levels with R2 = 0.99. The variations in water levels indicate that the model 

was able to effectively reflect the varying flow conditions in Tingalpa Reservoir. 

Fig. 8 (located here) 

Fig. 9 (located here) 
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The time series of the water temperature (Fig. 9a) depicts the temperature comparison 

between the observation and simulation for 2014–2015 at the surface layer of the water. The 

seasonal trend of the measured data was readily recognisable. The simulated and measured 

water temperatures revealed that the hydrodynamic model overestimated the water 

temperatures during early summer at the surface. To assess the performance of the model, the 

RMSE and R2 of the temperature were calculated with the values of 1.31℃ and 0.96 

respectively, which show a good agreement. The simulated vertical profiles generally agreed 

with those observed at the VPS station (Fig. 9b). 

The model produced reliable results during storm events in 2015 (Fig. 10a), and the 

simulated and observed SSCs matched. In addition, there was a slight difference between the 

simulated and measured SSCs in May, although the magnitude was similar. The slight 

difference between the simulated and measured data may have resulted from the long intervals 

between the field measurements, for example, because the monthly measured data may miss 

peaks in the SSC during storm events at the outflow conditions. The vertical profiles of the SSC 

are depicted in Fig. 10b. The simulated vertical profiles matched the observed profiles at the 

VPS station. Overall, the numerical model used in the study made reasonable predictions 

regarding the water level, SSC and vertical distribution of the temperature.  

Fig. 10 (located here) 

 

4. Results  

4.1 The influence of storm events on the water temperature 

In the Tingalpa Reservoir, the storm season lasts from January to May. During the study period, 

four storm events were analysed (Table 1). As displayed in Table 1, the rainfall intensity varied 
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from 0.31–2.41 mm/h. The rainfall was the most intense during the second storm, and the third 

storm had the longest rainfall duration. 

Table 1 The meteorological characteristics of the storm events during the study period 

Parameter Event 1 Event 2 Event 3 Event 4 

Time period 19/01/2015–

29/01/2015 

20/02/2015–

26/02/2015 

22/03/2015–

03/04/2015 

30/04/2015–

03/05/2015 

Rainfall magnitude 

(mm) 

66.6 288.8 162.4 223.4 

Storm duration (h) 216 120 312 94 

Rainfall intensity 

(mm/h) 

0.31 2.41 0.52 2.38 

 

To analyse the influence of the storms on the hydrodynamics, the numerical model was 

established to simulate the thermal structure of the reservoir in the four storm events in 2015. 

The February storm featured high rainfall intensity, so the simulation results during this period 

are representative of the storm’s influence on the thermal variations. The simulation results 

indicate that the surface water temperatures during the storm (Fig. 11b and 11c) were much 

lower than those before and after the event (Fig. 11a and 11d). As displayed in Fig. 11a, the 

overall horizontal water temperatures measured between 28.46℃ and 28.98℃ before the storm. 

Fig. 11b reveals that the colder water from the Tingalpa Creek and Stockyard Creek led to 

decreases in the water temperature near the southeast and southwest. The cold inflow plume 

from the creeks mainly spread towards the east and west sides of the lake because of the effects 

of the large river runoff and short residence periods. The temperature at the centre of the 

reservoir was 28℃, and the water temperature near the inflow boundary declined to less than 

27℃, as indicated in Fig. 11c. After the peak inflow discharge, the water temperature returned 
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to the initial state, as displayed in Fig. 11d. Therefore, as illustrated in Fig. 11, the water 

temperature decreased due to the effects of the large runoff and colder inflow plume. After the 

storm, under the influence of the air temperature, the surface water temperature returned to its 

original state before the storm.  

Fig. 11 (located here) 

 

To indicate the thermal reaction to the cold plume during the storm, three locations were 

chosen to represent the lacustrine, transition and riverine zones in the reservoir (see Fig. 12). 

The coordinates of the three locations are 27°33'32.4''S, 153°11'26.16''E; 27°32'33.3816''S, 

153°10'53.094''E; and 27°31'52.014''S, 153°10'35.7888''E. The time series of the water 

temperatures at these three locations are displayed in Fig. 12. This figure indicates that the 

surface and bottom water temperatures at three locations ranged between 27℃ and 29℃, and 

the vertical temperature differences between the top and bottom layers were the same at three 

locations before the storm on 18 February 2015. Because the riverine zone was close to the cold 

plume, the water temperature at this zone decreased first on 19 February. Fig. 12a, Fig. 12b and 

12c demonstrate that the transition location was influenced by the cold plume 1 day after 19 

February, and the water temperature at the lacustrine location started to decrease 2 days after 

19 February. It is noteworthy that the water temperature decreased from above 28℃ to 

approximately 26.5℃ in the surface water at the lacustrine zone, and the bottom layers of the 

water decreased from 27.5℃ to approximately 25℃ in this area. Fig. 12 depicts when the flood 

runoff flowed into the reservoir with small amounts of discharge on 24 February; the water 

temperature in the top and bottom layers at the riverine and transition zones gradually increased, 

resulting in the re-establishment of the initial thermal structure. However, the bottom water 

temperature at the lacustrine zone required a long time to increase back to the original status. 

The recovery times of the bottom water temperatures at the riverine, transition and lacustrine 

zones were 4, 8 and 12 days, respectively. After the storm, the thermal structure in the reservoir 
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was controlled by the atmospheric conditions; after 3 March, the surface water exhibits diurnal 

variations. 

Fig. 12 (located here) 

 

The above analysis demonstrated that the inflow plume played a vital role in the heat 

exchange of the reservoir during the storm. The cold inflow plume with a higher density tends 

to move downwards and decrease the water temperature in the deep waters. The cold inflow 

plume was determined by the heavy rainfall and the decrease in the air temperature. As visible 

in Fig. 13b, the water temperature in Tingalpa Creek and Stockyard Creek decreased from 

25.3℃ to 24.0℃. Additionally, high inflow and outflow current speeds can accelerate the 

horizontal mixing and transport processes, especially in shallow areas. Fig. 13c reveals how the 

current speeds near the inflow and outflow locations increased during the storm. 

Fig. 13 (located here) 

 

4.2. Simulation results for the suspended sediments during the peak inflow 
condition  

The rainfall amount during the main storm events is displayed in Fig. 14a. The start 

times of these storms were 19 January, 20 February, 22 March and 30 April (Table 1). The 

suspended sediment loads from the LHD from January to July 2015 were calculated using 

𝛾𝛾(𝜕𝜕) = 𝐶𝐶𝑠𝑠(t)𝑄𝑄(𝜕𝜕), where 𝛾𝛾 is the suspended sediment release and loads, 𝐶𝐶𝑠𝑠 is the SSC, and Q 

is the flow discharge rate. 

Fig. 14 (located here) 

 

Fig. 14b depicts the daily suspended sediment loads from Tingalpa Creek and Stockyard 

Creek and the sediment release from the LHD, which were simulated in the sediment model. 

These four storms were primarily caused by heavy rainfall, with large quantities of sediments 
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flowing into Tingalpa Creek and released from the LHD. Table 2 demonstrates that the 

sediment loads from the inflow creeks are 7.17 × 104 kg during the first storm and more than 

2.0 × 105 kg in the other three storms. As depicted in Fig. 14, the SSC revealed significant 

variation in spatial distribution. The SSC at the riverine zone experienced an earlier and larger 

increase during storm events than those in the transition and lacustrine zones. This observation 

can be explained by the influence of the inflow conditions; the riverine zone is close to the 

inflow boundary and more likely to be influenced by the SSC from the inflow creeks. The 

transport of the sediments occurred from the riverine zone to the transition zone and finally to 

the lacustrine zone. From Fig. 14c, it was found that the SSCs at the transition and riverine 

zones sharply declined after the peak of the second storm event. The reason for this decline is 

that the peak of the SSC sinking from the LHD was later than that of the SSC loading from the 

inflow creeks. Combined with Table 2, it can be demonstrated that the average increasing rate 

of the SSC in the reservoir water correlates with the rainfall intensity. The correlation is because 

the runoff with high SSC, produced by the heavy rainfall, flows into the reservoir, and leads to 

the higher increasing rate of SSC in the reservoir water. Table 2 demonstrates that the lag time 

from the rainfall peak to the SSC peak was 18 hours in the second storm, which indicates that 

an intense storm also led to the short lag time from the rainfall peak to the SSC peak in the 

lacustrine zone. Moreover, during the third storm, due to the long rainfall duration, the SSC at 

the riverine zone continuously increased, and its peak was late to the SSC in the lacustrine zone. 

In addition, due to the large accumulation of sediment during the four storms, the SSC in the 

lacustrine zone exhibited a growing trend over the whole period. Finally, after May 2015, the 

atmospheric and hydrologic conditions tended to be stable, so the SSCs at different points 

became consistent following these storms. 

Table 2 Relevant parameters in Tingalpa Reservoir during four storm events 

Parameter Event 1 Event 2 Event 3 Event 4 
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Sediment loads from inflow 

creeks (kg) 

7.17 × 104 2.11 × 105 2.14 × 105 2.18 × 105 

Accumulation of sediment 

loads (kg) 

3.69 × 104 1.04 × 105 9.71 × 104 1.05 × 105 

Average increasing rate of 

sediment concentration in the 

lacustrine zone (mg/L/hour) 

2.69 × 103 1.69 × 102 4.61 × 103 9.06 × 103 

Peak of sediment 

concentration in the lacustrine 

zone (mg/L) 

5.15 8.10 7.84 9.37 

Lag time from the rainfall 

peak to the SSC peak in the 

lacustrine zone (h) 

156 18 72 24 

Lag time from the SSC peak 

in the riverine zone to the SSC 

peak in the lacustrine zone 

90 41 –288 66 

 

The numerical model described previously was utilised to characterise the dynamics of 

the sediments within the lake and thus to assess the contribution of the storms. As revealed in 

Fig. 15a, high concentrations (red) occurred only in the vicinity of the creek mouth. Because of 

the large amount of runoff into the reservoir, the high concentration occurred approximately 

2,000 m away from the Tingalpa Creek after 16 hours (Fig. 15b). However, the sediment 

concentrations did not change from IP5 to IP7 between 6 a.m. and 10 p.m. Fig. 15c depicts that 

at the peak water level, the SSC near Tingalpa Creek (IP2–IP4) decreased to 0.095 kg m-3 and 

the SSC near the LHD (IP6–IP7) increased to 0.090 kg m-3. The water column was well mixed 

after the event, and the SSC ranged from 0.091 kg m-3 to 0.097 kg m-3 in the whole vertical 

direction. The model results for the flow velocity support that advection is the main process of 
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sediment transport within the Tingalpa Reservoir during storm events. Overall, the modelling 

results also reveal that catchment runoff was the main source of the SSC during this period. 

Fig. 15 (located here) 

 

To analyse the variation in the water temperature and suspended sediment during peak 

discharge, the vertical distribution of the simulated temperatures and SSCs on 21 February are 

plotted in Fig. 16. 

Fig. 16 (located here) 

 

A sudden decrease in water depth was observed between IP5 and IP6, when the water 

in the upper layers rapidly flowed up to the surface and the water in the lower layers flowed to 

the bottom. This water was cold with high concentrations of suspended sediment. Because this 

water had transported the sediment to adjacent areas of deep depth, the water in these areas 

decreased in temperature. The cold water led to a decrease in water temperature at the bottom 

layer; at the same time, this water brought suspended sediments to the deep layer. As depicted 

in Fig. 16c and d, the transported sediment led to an increase in suspended sediments at every 

depth during the peak discharge. It was also observed that the deep-water temperature decreased 

under the influence of cold flows. However, only the water temperature of the surface layer 

increased because of the increase in air temperature from 8 to 12 p.m. 

4.3. The influence of wind conditions  

To indicate the thermal reaction to the wind conditions, the simulated horizontal and 

vertical variations of the thermal structure under the east wind were analysed. The continuous 

east wind blew from 9 a.m. to 6 p.m. on 28 November 2014, with the wind speed varying from 

1 m/s to 5 m/s. The simulated lake-wide circulation patterns varied between the top and bottom 

layers of the water column (Fig. 17). The water temperatures at the northeast, southeast and 

southwest edges were high, suggesting that the shallow areas were well mixed. The velocity 
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magnitude of the bottom currents was greater than that of the surface currents, and the bottom 

currents in the lake’s centre moved in different directions. This behaviour suggests there was a 

water transport cycle present in the vertical direction of the lake, with water moving from the 

east to west areas and then being transported to the bottom. Water in the bottom layers moved 

from west to east, and the water temperature in the west littoral zone was higher than in the 

middle of the lake. However, vertical water transport did not mix water well in these areas. The 

bottom layer velocities were reduced in a vortex that occurred in the littoral zone. Water 

withdrawals near the dam wall influenced the circulation pattern at the top and bottom of the 

water column.  

Fig. 17 (located here) 

 

Fig. 18 presents the vertical thermal variance from IP8 and IP9 on 28 November 2014. 

The water temperature at IP8 is higher than at IP9 at the same depth. For the flow direction, the 

surface water to the water depth of 2 m flowed in the same direction as the wind direction, and 

the water below 2 m flowed in the reverse direction. Moreover, the water temperature at the 

bottom layers of the water, below a depth of approximately 6 m, was not affected by the wind-

induced flow. 

Fig. 18 (located here) 

 

Models with constant strong wind conditions (southwest wind with a 20 m/s wind speed 

and northeast wind with a 20 m/s wind speed) and no wind condition were built to understand 

the strong wind’s effects on the sediment transport during storm events, especially at the 

riverine zone, and the difference in sediment variations between the monitored wind and no 

wind conditions. The simulated result (Fig. 19) reveals that the SSCs at the VPS station without 

wind conditions were roughly the same as those with observed wind conditions. The result also 

indicates that before and after the storm event, the simulated total SSC sharply increased under 
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the strong northeast and southwest wind conditions. The main source of the increased sediment 

was bed erosion in the shallow terrain. Fig. 20 demonstrates that the bed at the shallow terrain 

(southwest of the reservoir) was eroded under the strong winds, which contributed to the 

increase in suspended sediment. This shallow area had a water depth of 1 m on 17 February 

2015, so the sediment could easily transfer from the bed to the water column in this area. The 

maximum simulated erosion of the shallow areas of the reservoir was up to 3.29 × 10-4 kg/m2/s. 

During the storm, due to the relatively low SSC flowing into the reservoir, the simulated total 

SSC at the VPS station decreased to the minimum value of 1.29 × 10-2 kg/m3 to 1.42 × 10-2 

kg/m3. 

Fig. 19 (located here) 

Fig. 20 (located here) 

 

5. Discussion 

By comparing the water temperature during the storm events to the thermal variations 

before and after the storm, the simulated results depicted in Fig. 11 and Fig. 12 indicate that the 

inflow plume significantly affects the thermal structure in the Tingalpa Reservoir. The cold 

plume causes a decrease in the water temperature of the reservoir. The water in the shallow 

basin could return to the original state after 4 days of the storm. However, the water temperature 

in the deeper basin required approximately 12 days to return to the original status. This 

phenomenon can be explained because during the storm event, the cold inflow plume with a 

relatively higher density underflows to the deepest basin. The long duration of the thermal 

stratification hinders vertical mixing, so the deep water needs a long period to recover to the 

original status. The same phenomenon was also described by Irwin, Pickrill [29]. 

The time series of the suspended sediment load (Fig. 14) reflects that the sediment 

delivered to the reservoir was dominated by the allochthonous flux during the storm events 
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[30]. The temporal pattern of the sediment loads closely resembled that of discharge, as 

fluctuation mainly depends on streamflow variability. The storm events have considerable 

effects on sediment transport [31], as a high-intensity rainfall event could transport the bulk of 

the sediment load to the lake. In addition, a linear regression (Fig. 21) was identified between 

the rainfall intensity and the average increasing rate of the SSC in the reservoir water during 

the four storm events. 

Fig. 21 (located here) 
 

The near-surface velocities mostly matched the predominant wind direction [18], and a 

water cycle in the vertical direction of the lake was identified. To analyse the extent of the 

monitored wind conditions’ influence on the sediment concentration variance during storms, a 

model without wind conditions was established. The simulated results reveal that the SSCs at 

the VPS station without wind conditions were roughly the same as those with wind conditions 

from Fig. 19. The results indicate that the sediment concentrations were primarily influenced 

by the sediment loads from the inflow creeks and less affected by the wind conditions during 

the storms. Moreover, the models with constant strong wind conditions (southwest wind with a 

20 m/s wind speed and northeast wind with a 20 m/s wind speed) were also built. The results 

(Fig. 20) revealed that the current directions were the same as the wind directions at the surface 

layer. The main source of the increased sediment is the bed erosion, and the strong winds result 

in the transport of sediment from the bed to the water column in the shallow regions. 

The hydrodynamic model coupled with the sediment model is used to investigate the 

lake dynamics and the water quality in a water source (e.g., to estimate the sediment 

concentrations at the drinking water intake and to identify periods of high risks). This modelling 

approach can be used to test various scenarios to examine, for example, the influence of 

different storm conditions or wind conditions on sediment transport and even to provide short-

term forecasts. The ability to reliably estimate the thermal stratification and sediment 
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concentrations is highly beneficial for the Tingalpa Reservoir water operators, as it can lead to 

a more proactive raw water management. 

6. Conclusion 

In this study, a 3D hydrodynamic model coupled with a sediment transport model was 

developed to investigate the thermal structure and sediment transport in the Tingalpa Reservoir. 

To improve the accuracy of the inflow conditions, data-driven models were used to define the 

boundary conditions of the 3D model. After the model calibration, acceptable performance was 

achieved in simulating the water temperature and sediment concentrations both temporally (i.e. 

through time series analysis) and spatially (i.e. throughout the water column). 

Through the validated 3D numerical model, the analysis of the thermal structure and 

sediment transport in the reservoir extended from observation points to the entire reservoir, and 

both the spatial and temporal variations were analysed and discussed. The simulation results 

indicated that the inflow plume significantly affects the thermal structure during storm events. 

The comparison of the simulated water temperature during and after the storms revealed that 

the cold inflow plume can mix the shallow water and underflow to the deep water, cooling 

deeper waters for a long time (approximately 14 days). After the storm, the thermal structure in 

the upper layers of water quickly returned to the previous ranges within 4 days. However, 

deeper waters required relatively longer periods (12 days) to return to the original state. The 

study also found that storm events have considerable effects on sediment transport. During 

storm events, sediment delivery to the reservoir was dominated by allochthonous flux, and the 

sediment accumulation could have reached 100,000 kg in the largest storm event. Sediments 

were transported from the riverine zone to the transition zone and finally to the lacustrine zone 

during the storms. An analysis of the influence of wind on water movement was also conducted. 

Due to the prolonged easterly wind conditions, the surface water flowed towards western areas 

of the lake. However, the bottom water was less affected by the prolonged wind. Moreover, 
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strong wind affects the surface currents and leads to bed erosion in shallow regions. Overall, 

the results shed light on the thermodynamics and sediment processes in the Tingalpa Reservoir 

and provided immediate estimates of the sediment state during extreme events. These model 

results provide a range of time-saving benefits for water quality operational management and 

decision making. 
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Fig.1 Monitoring sites in the Tingalpa Reservoir. In the background, the bathymetry (mAHD) of the 

reservoir is presented 
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Fig.2 Daily water level and rainfall in the Tingalpa Creek catchment 
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Fig.3 a The exponential regression between the daily water level and daily flow discharge in the 

Tingalpa Creek catchment and b the linear regression between the minimum air temperature and 

mean water temperature in a daily interval 
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Fig.4 The relationship between flow discharge and sediment concentration in the Tingalpa Creek 
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Fig.5 The integrated model structure 
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Fig.6 Time series of meteorological parameters in the Tingalpa Reservoir from 2014 to 2016: a hourly 

air temperature, b daily rainfall and c weekly wind conditions 
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Fig.7 Measured suspended solid concentrations in Tingalpa Creek and at measuring point b 
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Fig.8 Simulated versus observed water levels 2014–2015 
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Fig.9 a Comparison of the simulated and observed temperatures and b validation of the vertical SSC 

profiles between the numerical model and field measurement at the VPS station (blue: 10 August 

2014, yellow: 25 January 2015) 
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Fig.10 a The simulated and measured SSC (mg/L) in the period January 2015–July 2015 at sampling 

point a; b the validation of the vertical SSC profiles between the numerical model and field measurement 
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Fig.11 The simulated horizontal variation of the surface water temperature and velocity distributions 

during Cyclone Marcia in Tingalpa Reservoir on 18, 21, 22 and 24 February 2015. The colour contours 

represent the degrees Celsius (℃) 

 

 

 

 

 

 



40 

 

Fig.12 The simulated surface and bottom water temperatures at the riverine zone a, the transition zone 

b and the lacustrine zone c of the Tingalpa Reservoir from 17 February 2015 to 10 March 2015 
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Fig.13 a Hourly rainfall (mm) and hourly simulated surface elevation (m), b hourly air temperature and 

inflow water temperature (℃) and c hourly simulated current speed in the Tingalpa Creek (TC) and 

Stockyard Creek (SC) and near the dam (m/s) 
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Fig.14 a Hourly rainfall (mm), b hourly sediment loads from Stockyard Creek and Tingalpa Creek and 

the daily sediment releasing from the LHD (kg) and c simulated suspended sediment concentration at 

the riverine, transition and lacustrine zones, Tingalpa Reservoir, January-July 2015 
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Fig.15 The simulated vertical variation of the total suspended sediment concentration in the fourth storm 

event from IP1 to IP7. The vertical transection represents the contour of the sediment concentration and 

the vector of the flow velocity a at 6 a.m. on 30 April, b at 10 p.m. on 30 April, c at 3 a.m. on 2 May and 

d at 9 a.m. on 4 May 
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Fig.16 The simulated vertical variation in temperature in the second storm event a at 8 a.m. on 21 

February and b at 12 p.m. on 21 February from IP5 to IP6. The simulated vertical variation of the 

suspended sediment in the second storm event c at 8 a.m. on 21 February and d at 12 p.m. on 21 

February. The vectors represent the flow velocity 
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Fig.17 a Simulated top cell-averaged velocity and temperature field (10 a.m. to 1 p.m.) on 28 October 

2014 and b the simulated bottom cell-averaged velocity and temperature field (10 a.m. to 1 p.m.) on 28 

October 2014; the vectors represent the flow velocity 
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Fig.18 a The simulated vertical variation of temperature at 10 a.m. on 28 November 2014 and b the 

simulated vertical variation of temperature at 3 p.m. on 28 November 2014 
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Fig.19 The time series of the modelled total sediment concentration under the observed wind, no 

wind, northeast wind and southwest wind conditions at the VPS station (the total SSC under observed 

wind was the same as that under no wind, the blue line is overlapped under the red line) 
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Fig.20 a The simulated surface distribution of total SSC at 8 a.m. on 17 February 2015 under 

northeast winds and b simulated horizontal variations of the total SSC at 8 a.m. on 17 February 2015 

under southwest winds; the vectors represent the flow velocity 
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Fig.21 The relationship between the rainfall intensity and the gradients of SSC variation in Tingalpa 

Reservoir from January 2015 to May 2015 


