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Abstract: This study combined a catchment model and one-dimensional lake model (GLM-AED) to
simulate the response of hydrodynamics and water quality of subtropical Advancetown Lake (South-
East Queensland, Australia) to future changing climates from 2040 to 2069 and 2070 to 2099 under
Representative Concentration Pathway (RCP) 4.5 and 8.5 and increased water demand from a 50%
increase in population over current levels. The simulation adequately reproduced water temperature
(RMSE of 0.6 ◦C), dissolved oxygen (DO) (RMSE of 2 mg/L), and other water quality variables, such
as nitrogen, phosphorus, and chlorophyll a (Chl-a). Warming temperatures dominated the change
in thermal structure and hydrodynamic status of the lake under future climate change conditions.
Projected changes in precipitation and hydrological response from the upstream catchment might,
however, partly offset the warming temperatures under future climate change. Increased water
withdrawal due to population growth, which involved water extraction from the epilimnion, showed
antagonistic effects on water stability compared to those from climate change. Under a high emission
scenario of RCP8.5 during the 2080s, there is an increased likelihood of winter turnover failure in
Advancetown Lake. Nutrient concentrations were simulated to decrease from reduced catchment
loads under future climate change conditions. However, Chl-a concentrations were simulated to
increase, especially during the period after winter turnover, under these future conditions. The
depth of the hypoxia front during stratification is expected to decrease and move towards the water
surface, attributable to the warming water temperatures and prolonged thermal stratification, which
might affect biogeochemical processes and exchange fluxes between the hypolimnion and bottom
sediments. These potential changes may present challenges for water resource management under
future conditions of climate change and population growth.

Keywords: GLM-AED; climate change; thermal stratification; water extraction; lake modelling

1. Introduction

Artificial lakes are of importance in flood mitigation, agricultural irrigation, and
water supply [1]. Lakes are sensitive to climate [2], with lake water quality generally
considered to be most affected by changes in land use from the upstream catchment and
secondarily by climate-induced changes [3–5]. Assessing these potential future impacts
on lakes can increase our scientific knowledge of these systems and support policymaking
and consequent actions for water resource management and conservation.

The temperature of lake water is strongly affected by meteorological conditions, includ-
ing short-term variability [6,7]. Water temperature affects other water quality indicators
and ecological processes, such as the growth of microorganisms and phytoplankton [8,9],
the saturation concentration of dissolved oxygen (DO), and the mineralization rate of
organic matter [10]. The vertical temperature profile determines the intensity of thermal
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stratification in the water column [11]. During thermal stratification, hypolimnetic DO
is depleted by microbial consumption, and the released nutrients from the sediments
accumulate in the hypolimnion [12–14].

The mixing process in lakes is induced by the breakdown of stability caused by high
wind speeds, convective motions driven by surface water cooling, or physical disturbance
of the water column by heavy precipitation events [15,16]. Winter mixing is the dominant
water column transport mechanism for monomictic lakes, and mixed lakes have higher
nutrient concentrations in the surface waters and higher DO concentrations in the bottom
waters after vertical exchange [17].

Stratified waters are more conducive to supporting proliferations of harmful algae
such as cyanobacteria, making them more dominant in these waterbodies [18,19]. Warming
water temperatures intensify the vertical stratification but reduce water viscosity, further
enhancing the competitive advantage of buoyant cyanobacteria over sinking diatoms [18].
Cyanobacteria blooms can increase the surface water temperature locally [20], which
in turn is beneficial for them to maintain their competitive advantage over eukaryotic
phytoplankton [21].

Global warming from climate change is expected to increase surface water tempera-
ture and prolong the duration of summer thermal stratification, increasing the frequency
and duration of anoxic conditions in the hypolimnion and thus affecting biochemical re-
sponses [22–24]. The in-lake effect, driven by extreme weather conditions, may have a
duration that persists well beyond the duration of the event itself [25]. Heavy precipitation
events are often accompanied by massive nutrient loads from upstream catchments [6,26].
The increase in precipitation intensity may reset the seasonal plankton community [27].
Warming temperatures, variable nutrient loads, and extended hydraulic retention time
may alter the trophic status of lakes and the species composition of the phytoplankton
community, as well as the duration of the blooms [3,9,15,28,29].

Water withdrawn for public supply or environmental flows can not only affect the
thermal structure of the water column [30,31] but also the DO distribution and duration
of anoxia in the hypolimnion [7]. In addition to enhanced thermal stability of the water
column, increased water extraction affects the exchange flux of DO and nutrients between
the epilimnion and hypolimnion [32], the nutrient release from bottom sediment [29], and
the growth of phytoplankton [33]. The flow downstream of dammed lakes is controlled by
the amount of water discharged and the depth of offtake of the water from the dam [34,35].
The response of the downstream river system to warming air temperatures depends on
changes in the thermal structure of the upstream dammed lake under future climate change
conditions [36] and the meteorological conditions directly affecting the river.

There are few assessments that link climate, catchment, and lake models to assess the
ecosystem-scale hydrodynamics and water quality responses of lakes to climate change,
including responses to catchment inputs [29]. Few assessments have further considered
the social impact of increasing water extraction with population growth. The aim of this
study was to assess the impact of future warming temperatures, the resulting catchment
hydrological response, and the effects on hydrodynamics and water quality of a dammed
lake in a subtropical area. This study sought to better understand the impact of climate
change and an increase in water demand due to population growth on lake responses by
comparing the contributions of these factors under future conditions.

2. Material and Methods
2.1. Study Area

Advancetown Lake (28.051◦ S, 153.282◦ E, Figure 1) is located in the hinterland of the
Gold Coast in the South-East Queensland (SEQ) region of Australia in a subtropical climate.
This lake covers a surface area of 15 km2 and has a full supply capacity of approximately
311 Mm3 at 60 m depth after the third upgrade in 2011. The lake has two tributaries, the
Nerang River and the Little Nerang Creek, with a total upstream catchment area of 207 km2.
The lake serves as an important potable water supply within the water supply grid of the
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SEQ region. The average daily water extraction was around 126 ML based on the period of
July 2011–December 2019. A minimum release of 7250 m3/d is required to maintain aquatic
ecosystem health in the downstream Nerang River. The mean residence time of the lake
was doubled from 2.5 years prior to the upgrade to 4.9 years since the 2011 upgrade [37].
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Figure 1. Location of the Upper Nerang River (UNR) catchment and the water sampling site
(Measurement) and spillway (Outflow) of Advancetown Lake. This lake receives inflows from two
tributary creeks: the Nerang River on the west and Little Nerang Creek on the east.

2.2. Model Setup and Inputs

The General Lake Model (GLM) is an open-source 1-D lake hydrodynamic model
that uses a Lagrangian layer scheme in the vertical dimension to calculate the distribu-
tion of temperature, salinity, and density [38]. A flexible layer routine can automatically
allow adjustment of the thickness of the water layer with uniform properties of layers
for each simulation step, which can reduce computing requirements and achieve fast and
efficient operation. GLM simulates the occurrence of thermal stratification and vertical
mixing processes based on the energy balance between the kinetic energy of the water
column and the internal potential energy [38]. This model assumes that mixing occurs
when the total available kinetic energy contributed by wind stirring, convective overturn,
shear production between layers, and Kelvin–Helmholtz (K–H) billowing exceeds the
potential energy required to maintain stratification. When the internal kinetic energy is
insufficient to overcome the potential energy, the mixing process ends, and the stratification
process begins. GLM has successfully been applied to simulate the water temperature
distributions in lakes under different elevations, climates, mixing states, and morphologies
around the world [39]. The Aquatic EcoDynamics (AED) model simulates a variety of
biochemical processes, including inorganic and organic nutrient cycling, oxygen dynamics,
and biological organisms [40]. It includes sub-modules such as suspended solids (SS),
DO, silica (Si), nitrogen (N), phosphorus (P), organic matter, Chl-a, phytoplankton, and
zooplankton. Some of the processes simulated include decomposition and mineralization
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of organic matter, nitrification and denitrification, nutrient release from bottom sediment,
phytoplankton uptake, and organism excretion.

The GLM-AED model requires multiple driving datasets for configuration, including
lake morphology, initial water vertical profile, inflow characterized by water temperature
and nutrient concentrations, lake outflow, and meteorological data [38]. The morphological
data of Advancetown Lake (Figure S1) were provided by Seqwater (https://www.seqwater.
com.au/, accessed 10 June 2021). Inflow data were derived from the outputs simulated
for the Upper Nerang River catchment using a Soil and Water Assessment Tool (SWAT)
model [41]. Meteorological datasets, such as precipitation, air temperature, and relative
humidity, were downloaded from SILO (https://www.longpaddock.qld.gov.au/silo/,
accessed 10 June 2021), while solar radiation was available from the Bureau of Meteorology,
Australia (http://www.bom.gov.au/, accessed 10 June 2021). Cloud cover was derived
from solar radiation using the method described by Luo et al. [42]. Wind speed was
measured using observations from the southeast Coolangatta airport, 20 km away (source:
https://www.noaa.gov/, accessed 10 June 2021). Daily water withdrawal for public supply
was provided by Seqwater, and a minimum discharge of 7250 m3/d was set as ecological
flow to meet current regulations of the City of Gold Coast. As an ungated dam and mimic
the gradual water level recession due to flood spill during storm events, a series of virtual
pumps were configured at different elevations, and their pumping rates were calculated
based on the spillway structure geometry data.

2.3. Model Calibration and Analysis

The Advancetown Lake model was run with daily input data and produced daily
outputs for an 8.4-year period, from August 2011, after the third stage of the dam upgrade,
to December 2019. The model calibration period was from August 2011 to June 2017, and
validation was from July 2017 to December 2019. The GLM-AED model was initialized
with the water temperature and DO vertical profiles at 10:00 h, and the water quality
modules were initialized with the surface values from the monthly water quality sampling
program at the model startup. Parameters and their defaults/ranges used for model
calibration are listed in Table 1. The light extinction coefficient (Kw) was set to 0.5 m−1. The
objective functions of Pearson product moment correlation coefficient (r) and root-mean
square error (RMSE) were used to evaluate the model performance during calibration and
validation periods.

Table 1. Calibrated parameters to simulate water temperature, dissolved oxygen, and other chemical
parameters in Advancetown Lake using GLM-AED.

Symbol Description Range or Default Assigned Value

Hydrodynamic

Ck Mixing efficiency—convective overturn [-] 0.1–0.2 0.14
Cw Mixing efficiency—wind stirring [-] 0.2–0.3 0.21
Cs Mixing efficiency—shear production [-] 0.2–0.3 0.29
CT Mixing efficiency—unsteady turbulence effects [-] 0.2–0.7 0.56

CHYP Mixing efficiency—hypolimnetic turbulence [-] 0.4–0.8 0.74

Dissolved oxygen

Fsed_oxy Sediment oxygen demand [mmol m−2 d−1] −100–0 −55
Ksed_oxy Half-saturation concentration of oxygen sediment flux [mmol m−3] 10–100 100

Nitrogen

Rnitrif Maximum reaction rate of nitrification at 20 ◦C [d−1] 0.1 0.1
Rdenit Maximum reaction rate of denitrification at 20 ◦C [d−1] 0.3 0.05
Knitrif Half-saturation oxygen concentration for nitrification [mmol m−3] 80 40
Kdenit Half-saturation oxygen concentration for denitrification [mmol m−3] 2 30

Fsed_amm Sediment NH4-N flux [mmol m−2 d−1] 40 3
Ksed_amm Half-saturation oxygen concentration controls NH4-N flux [mmol m−3] 25 15

https://www.seqwater.com.au/
https://www.seqwater.com.au/
https://www.longpaddock.qld.gov.au/silo/
http://www.bom.gov.au/
https://www.noaa.gov/
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Table 1. Cont.

Symbol Description Range or Default Assigned Value

Phosphorous

Fsed_frp Sediment PO4-P flux [mmol m−2 day−1] - 0.05
Ksed_frp Half-saturation oxygen concentration controls PO4-P flux [mmol m−3] - 50

Organic matter

Rpoc_hydrol Maximum rate of decomposition of particulate organic carbon (POC) at
20 ◦C [d−1] 0.01–0.08 0.02

Rdoc_minerl Maximum rate of aerobic mineralization of labile dissolved organic
carbon (DOC) at 20 ◦C [d−1] 0.01–0.08 0.08

d_pom Diameter of particulate organic matter (POM) [m] - 5 × 10−6

Rpon_hydrol Maximum rate of decomposition of particulate organic nitrogen (PON)
at 20 ◦C [d−1] 0.01–0.08 0.08

Rdon_minerl Maximum rate of aerobic mineralization of labile dissolved organic
nitrogen (DON) at 20 ◦C [d−1] 0.01–0.08 0.08

Rpop_hydrol Maximum rate of decomposition of particulate organic phosphorous
(POP) at 20 ◦C [d−1] 0.01–0.08 0.01

Rdop_minerl Maximum rate of aerobic mineralization of labile dissolved organic
phosphorous (DOP) at 20 ◦C [d−1] 0.01–0.08 0.08

theta_hydrol Temperature multiplier for the temperature dependence of particulate
decomposition rate [-] 1 1.04

theta_minerl Temperature multiplier for temperature dependence of mineralization
rate [-] 1 1.08

Fsed_doc Sediment DOC flux [mmol m−2 d−1] - 10

rLakeAnalyzer [43] was used to calculate the thicknesses of different layers in the
thermal structure and Schmidt stability (ST, units: J/m2) from the simulation results. ST
represents the strength of stratification, that is, the dynamic stability of the system [44],
and its value represents the amount of work required to mix the entire water column to a
uniform density. Therefore, a higher ST value indicates more stable stratification. The water
temperature difference between the lake surface and bottom water (20 m deep) exceeding
1 ◦C is considered a condition of stratification satisfied [45]. Such a concept can also be
found in the study of [24]. In the present work, thermal stratification was determined as a
2 ◦C water temperature difference between the surface water and the layer 20 m above the
lake bottom and lasting for more than 96 h, as described in a Brazil study [46].

2.4. Scenarios

Future climate change scenarios (see Table S1) and change factors of precipitation and
air temperature are consistent with those applied in the previous hydrological study [41],
including two 30-year periods of the ‘2050s’ (2040–2069) and ‘2080s’ (2070–2099) under
a medium emission scenario of RCP4.5 (R45 and R48) and a high emission scenario of
RCP8.5 (R85 and R88). These changes are based on the dynamically downscaled Coupled
Model Intercomparison Project 5 (CMIP5) Global Climate Models (GCMs) against historical
observation data [47]. In comparison with a baseline period of 2011–2019, air temperatures
are expected to increase by 1.4–3.9 ◦C and precipitation to increase by 0.7–5.3% under future
changing climate conditions (Table S2). The hydrological response of flow and nutrient
loads from the Upper Nerang River catchment was simulated by the calibrated SWAT
model (Table S2). Future changes in solar radiation and wind speed were not considered in
this study because of the high uncertainty in relative changes based on GCM predictions.

The future population of the SEQ region is likely to increase by around 50% by 2041,
based on the current condition [48]. Advancetown Lake provides source water for Gold
Coast and other cities through the SEQ Water Grid network. Future water extraction
may increase by around 50% by 2041, assuming fixed per capita water consumption. We
evaluated the responses of hydrodynamics and water quality in Advancetown Lake to:
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(i) warming air temperature under future climate change conditions (T), (ii) future climate
change and upstream catchment hydrological variations in flow and nutrient loads (CC),
and (iii) a 50% increase in water extraction induced by population growth under CC
scenarios (CE).

3. Results
3.1. Performance of the GLM-AED Model

Most of the GLM-AED parameters were configured with the default values, and
the calibrated parameters controlling the hydrodynamics, dissolved oxygen, and water
quality modules are listed in Table 1. As presented in Figure 2, the coupled GLM-AED
model simulated the water temperatures and DO profiles with good consistency with the
measurements. The model reproduced the thermal stratification during the warm seasons
and complete vertical mixing (winter turnover) during the winter in Advancetown Lake.
We applied the Pearson correlation coefficient (r), significance (p), and RMSE to evaluate
the accuracy of the simulations by the coupled model. The GLM-AED model simulated
water temperature with RMSEs of 0.62 ◦C (r = 0.970, p < 0.01) during the calibration period
from August 2011 to June 2017 and 0.57 ◦C (r = 0.980, p < 0.01) during the validation
period of July 2017 to December 2019, respectively (Table 2). The model reproduced water
temperatures at different depths below the water surface (see Figure 3a), especially for the
surface layer at a depth of 2 m with a r value of 0.985 (see Table 2).
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Figure 2. Contour plots of daily measured (a) water temperature and (b) dissolved oxygen concentra-
tion interpolated from hourly Vertical Profiling System (VPS) records provided by SEQWater and
simulated (c) water temperature and (d) dissolved oxygen concentration reproduced by GLM-AED
at Advancetown Lake. The vertical dashed line separates the calibration and validation periods.

The results in Figure 3b indicate good simulation of DO at different depths in the water
column, except for overestimates at 2 m depth before thermal stratification and oxygen
depletion rates in the hypolimnion (40 m depth) after winter turnover. Overall, the model
simulated the DO with a RMSE of 1.63 mg/L (r = 0.860, p < 0.01) during the calibration
period and 2.07 mg/L (r = 0.755, p < 0.01) during the validation period (see Table 3).
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Table 2. Pearson correlation coefficient (r), level of significance (p), and Root Mean Square Error
(RMSE) of simulated water temperature (◦C) and dissolved oxygen (mg/L) at different depths below
the water surface and for the whole water column during the calibration period of August 2011 to
June 2017 and the validation period of July 2017 to December 2019, respectively, in Advancetown
Lake. † p < 0.01.

Depth (m)

Water Temperature Dissolved Oxygen

Calibration Validation Calibration Validation

r RMSE r RMSE r RMSE r RMSE

2 0.985 † 0.66 0.994 † 0.43 0.744 † 1.01 0.732 † 0.58
10 0.891 † 0.98 0.862 † 0.96 0.735 † 2.20 0.783 † 1.75
15 0.934 † 0.70 0.946 † 0.69 0.806 † 1.73 0.821 † 1.57
20 0.939 † 0.42 0.721 † 0.53 0.916 † 1.23 0.843 † 1.42
40 0.442 † 0.32 0.673 † 0.50 0.759 † 1.49 0.743 † 2.11

Overall 0.970 † 0.62 0.980 † 0.57 0.860 † 1.63 0.755 † 2.07
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The GLM-AED model adequately reproduced nutrient concentrations in the surface
layer, especially the increase of ammonium concentrations (Figure 4a) during the winter
turnover and subsequent increase of nitrate concentrations (Figure 4b) with r ≥ 0.377
during the calibration period and r ≥ 0.396 for validation (see in Table 3) in the surface
layer. RMSEs for simulated ammonium and nitrate concentrations are less than 0.009
mg/L and 0.032 mg/L, respectively. Concentrations of TN from the surface layer were
relatively stable with small interannual variations except for the peak recorded in January
2012, right after the third upgrade. The overall estimated RMSE for TN is less than 0.075
mg/L (r ≥ 0.22). The phosphorus simulation is less satisfactory with low r values (Table 3),
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particularly the negative r value for the phosphate simulation during the validation period.
In addition, the model failed to simulate the high phosphorus event (see Figure 4e). The
GLM-AED model reproduced the total organic carbon (TOC) concentrations in the surface
layer with reasonable accuracy (Figure 4f), with RMSEs less than 0.7 mg/L and r values of
0.486 for calibration and 0.419 for validation, respectively.

Table 3. Model performance of GLM-AED for daily mean concentrations of ammonia (NH4-H), nitrate
(NO3-N), total nitrogen (TN), phosphate (PO4-P), total phosphorus (TP), total organic carbon (TOC),
and chlorophyll a (Chl-a) in the surface layer of Advancetown Lake during the calibration period
of August 2011 to June 2017 and the validation period of July 2017 to December 2019, respectively.
Pearson correlation coefficient (r), level of significance (p), and Root Mean Square Error (RMSE) were
used to indicate model performance. * p < 0.05, † p < 0.01.

Period Statistics
NH4-H NO3-N TN PO4-P TP TOC Chl-a

mg/L µg/L

Calibration
r 0.838 † 0.377 0.326 † 0.212 0.166 0.486 † −0.244

RMSE 0.009 0.032 0.075 0.004 0.008 0.686 1.872

Validation
r 0.938 † 0.693 † 0.224 −0.035 0.230 0.419 * −0.102

RMSE 0.006 0.020 0.038 0.005 0.005 0.656 0.988
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Figure 4. Comparisons of concentrations of (a) ammonium (NH4-N), (b) nitrate (NO3-N), (c) total
nitrogen (TN), (d) phosphate (PO4-P), (e) total phosphorus (TP), (f) total organic carbon (TOC), and
(g) Chlorophyll a (Chl-a) simulated by GLM-AED with measurements for the surface layers (3 m and
5 m) of Advancetown Lake during the calibration period (August 2011 to June 2017) and validation
period (July 2017 to December 2019), separated by the vertical dashed orange line.
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Chl-a was mostly at low concentrations in the surface water, except for a high Chl-
a event during the winter turnover in the year 2013 (see Figure 4g). GLM-AED did
not simulate Chl-a particularly well, with negative r values during both calibration and
validation periods.

3.2. Baseline Condition

The thermal structure of Advancetown Lake was simulated by the GLM-AED model
over an 8.4-year period from August 2011 to December 2019 (the baseline). The observed
and simulated monthly water temperature in the surface layer (0–5 m) ranged from 16.8 to
27.0 ◦C and from 16.9 to 27.2 ◦C (Figure 5a), respectively, with the warmest January, which
is consistent with the warmest monthly air temperature around the year. The difference
in surface temperature is minor (≤0.3 ◦C) between simulation and observation, except for
the 0.4–0.5 ◦C higher for the simulation over observation during the hot February and cold
August periods. Monthly temperatures in the hypolimnion (20 m above the lake bottom)
varied slightly between 16.1 ◦C and 16.5 ◦C in measurements and were simulated to be
in the range of 16.6–17.6 ◦C (see Figure 5b). Water temperatures were overestimated by
1.1–1.2 ◦C during the autumn season from March to May. This lake showed a monomictic
regime characterized by the periodic annual mixing with winter turnover during the pe-
riod from June to September and the stratification established between October and May
(Figure 2). During the stratification periods, the mean thermocline depth ranged from
7.1 m to 15.0 m (Figure 6a), and the thickness of epilimnion (Figure 6b) and metalimnion
(Figure 6c) varied from 4.6 m to 14.0 m and from 2.1 m to 5.7 m, respectively. The monthly
Schmidt stability index (ST), derived from the modeled temperature profiles, varied be-
tween ~40 and 1700 J/m2, with a peak in January. ST remained above 700 J/m2 during a
well-established stratification event and showed the lowest stability in July and August,
when the annual periodic mixing events occur during the winter season. The mean annual
thermal stratification duration period is simulated to be 273.5 ± 13.9 d/y, as shown in
Figure S2.
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Figure 6. Monthly statistics of thermocline depth (a), thickness of epilimnion (b) and metalimnion
(c), Schmidt stability index (ST, d), depth of hypoxia (e) for Advancetown Lake, and monthly
concentrations of total nitrogen (TN, f), total phosphorous (TP, g), total organic carbon (TOC, h), and
Chlorophyll-a (Chl-a, i) in the surface layer during the baseline period. Circles represent statistical
outlier values.

Simulated monthly DO varied in the range of 7.8–9.3 mg/L, which is higher than
the measurements of 6.0–9.0 mg/L, with the peak in September (Figure 5c) after the
winter turnover and the lowest in July. The simulated surface DO is about 0.1–1.9 mg/L
higher than measurements with the highest differences (>1 mg/L) during the period from
February to July. The peak difference of 1.9 mg/L is found in July in surface water. In
the hypolimnion, DO was simulated to be 0–6.4 mg/L, which is a greater variation than
0.3–4.4 mg/L in the measurements. Both simulated and measured DO peaked in August
during the winter turnover period (Figure 5d), then gradually decreased during the warm
seasons of summer and autumn. During the period from June to September, the simulated
DO is about 1.3–3.7 mg/L higher than measurements, with the largest overestimation of
3.7 mg/L in July. During the warm period from December to April, DO was underestimated
in comparison to the measurements. The depth of the hypoxia front was derived from the
simulated DO profiles using a threshold of 2 mg/L. The monthly averaged hypoxia depth
ranged from 10 to 17 m during the warm seasons (Figure 6e) and peaked around 45 m in
August during winter turnover.

The nutrient concentrations were simulated to be relatively stable, with range in
concentrations of TN (Figure 6f), TP (Figure 6g), and TOC (Figure 6h) of 0.19–0.24 mg/L,
0.012–0.016 mg/L, and 4.0–4.6 mg/L, respectively, with slight intra-annual variations
in the surface water. Chl-a was simulated to be in the range of 1.5 to 3.0 µg/L (see
Figure 6i). TN (Figure 7a) was underestimated in the surface water, but the difference
for total phosphorus was smaller (Figure 7b). However, the TOC (Figure 7c) and Chl-a
(Figure 7d) were overestimated by around 10% in the surface water.
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3.3. Changes in Hydrodynamic Regimes under Future Conditions
3.3.1. Impact of Warming Temperatures (T)

The GLM-AED model was run for future scenarios with updated configurations of
climate change and increased water withdrawal from population growth over the reference
period from August 2011 to December 2019. The response of the hydrodynamics is shown
in Figure 8. Increased water temperatures throughout the water column occurred under
future warming air temperatures (Figure 8a–h). Annual water temperature is simulated to
increase by 1.1–3.1 ◦C in the surface layer, which is higher than that in the hypolimnion (1.0–
2.3 ◦C) but lower than the projected changes in air temperature under each future climate
change condition (Table S2). Mean monthly water temperature increased most in the surface
layer in September (1.2–3.5 ◦C) after the winter turnover and least in May (1.0–2.8 ◦C). The
smallest increase in the hypolimnion was in the warmest month of January (0.9–2.0 ◦C). The
water temperatures in the surface layer are more sensitive to air temperature changes than
in the hypolimnion; that is, the warmer the air temperature, the greater the temperature
difference between the surface layer and hypolimnion under future warming conditions.

Under two warming temperature conditions of RCP4.5 (R45-T and R48-T), the ther-
mocline depth is slightly smaller in summer and autumn (see Figure 8i,j). Under R85, the
increase in thermocline depth is less than R48. The warmer air temperature condition under
R88 resulted in a decrease in thermocline depth to 6 m in June (see Figure 8l). Annual
variations for thermocline depth are predicted to be 1.4 m, 1.3 m, −0.5 m, and −1.7 m, re-
spectively, under the four future warming scenarios of R45-T, R48-T, R85-T, and R88-T. The
greatest decrease in thermocline depth was around 6 m in June under the R88 temperature
(R88-T) scenario (see Figure 8p). The annual mean epilimnion thickness changes in the
range of −1.8–1.5 m under the four warming temperature conditions. The metalimnion
thickness is estimated to decrease by 0.5–1.2 m in January (Figure 8q–t) and to increase
by up to 0.9 m in September and October under future warming temperature conditions
(Figure 8t). Under future warming scenarios, an overall increase in the Schmidt Stability
Index (ST) is predicted more in warm seasons than in cold seasons (Figure 8u–x). Increases
in ST are predicted to be lowest, about 50 to 260 J/m2, in July and highest, 110–440 J/m2, in
January. Thermal stratification periods are prolonged under future warming conditions
(Figure S2), with changes of 13.9 d/yr, 19.5 d/yr, 27.4 d/yr, and 63.8 d/yr under scenarios
R45-T, R48-T, R85-T, and R88-T, respectively. Under the scenario of R88-T, the vertical
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mixing process in winter is greatly weakened with increasing risk of consecutive thermal
stratification over a period of several years.
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Figure 8. Predicted monthly changes in water temperatures (Tw) of the surface layer (a–d) and
hypolimnion (e–h), thermocline depth (i–l), thickness of epilimnion (m–p) and metalimnion (q–t),
and Schmidt stability index (ST, u–x) in Advancetown Lake under different conditions of warming
temperatures (T), climate change (CC), and increasing water extraction (CE) over the baseline period
of August 2011 to December 2019.

3.3.2. Impact from Climate Change (CC)

Under climate change scenarios, rainfall and upstream catchment hydrological re-
sponse affect inflows to Advancetown Lake, including discharge, temperature, and sed-
iment and nutrient loads. Water temperature is predicted to increase by 1.1–3.2 ◦C in
the surface layer and by 1.1–2.8 ◦C in the hypolimnion under warming scenarios. The
maximum temperature increase in the hypolimnion is simulated to occur in April with
a value of 1.2 ◦C from R45-CC (see Figure 8a), which is different from the scenario of
R45-T. Comparatively, the water temperature is further increased by around 0.1 ◦C in the
surface layer and by 0.2–0.9 ◦C in the hypolimnion, under CC scenarios compared with the
temperature scenarios. Changes predicted in thermocline depth and epilimnion thickness
are similar under CC scenarios to those from temperature scenarios, i.e., the peak increases
are in the period of July and August. Under the future emission scenario of RCP4.5, these
changes have significant monthly increases of 9.1–11.8 m and 6.9–10.9 m for thermocline
depth and epilimnion thickness, respectively, during July and August, but with declines of
varying magnitude in the remaining period. Under climate change scenarios of RCP8.5, the
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thermocline depth and epilimnion thickness tend to increase during the warm period from
November to March. Under future emission conditions of RCP4.5, smaller magnitudes
of annual thermocline depth and epilimnion are predicted from CC scenarios than those
under warming air temperature conditions, while they are in the opposite direction under
future emission conditions of RCP8.5. Nevertheless, metalimnion thickness is estimated
to increase during the autumn season, with the greatest increases from 0.6 m to 2.5 m in
March (see Figure 8q–t). Compared to warming temperature conditions, the predicted
metalimnion thickness is greater before the winter turnover period under the CC condition,
except for the R85-CC scenario. ST increases in the lake are lower after winter turnover but
greater during the period from February to April (except for R48-CC) under CC scenarios
in comparison with those for the temperature scenarios. The monthly ST peaks in February
or March, with values between 130 J/m2 and 460 J/m2 under CC scenarios. Thermal strati-
fication duration is prolonged by 11.1–56.1 day/yr over the baseline (see Figure S2), but
decreased in comparison with the warming temperature scenarios, except for the R48-CC
scenario, which has a slightly longer duration of 0.8 day/year than the R48-T scenario.

3.3.3. Impact from Climate Change and Increased Water Withdrawal (CE)

Under the CE condition of coupling climate change (CC) with a 50% increase in water
extraction (WE) from the lake, the relative changes in water temperature are similar to
those of the CC scenarios, which are relatively minor in the surface layer but greater in
the hypolimnion compared with the CC scenarios. The increasing water extraction can
partly offset the increases in water temperature in the hypolimnion under CC scenarios
during the period from August to February, especially for the R88 scenario, with water
temperature in the R88-CE lower than that of the R88-CC by as much as around 1 ◦C.
The changes in water temperature in the hypolimnion under CE scenarios are similar to
those of RCP4.5, but for RCP8.5, they are around 0.4 ◦C warmer. The increasing water
extraction for CE scenarios inhibits the expansion of the metalimnion layer that occurred
in CC scenarios. Annual ST in CE scenarios is smaller than for both T and CC scenarios
(Figure 8u–x). It can be clearly seen that increasing water extraction from CE significantly
offsets the increases in ST brought by changing climatic conditions (T or CC), but ST is
higher in July and August in R85-CE than in R85-CC. The thermal stratification period in
CE scenarios is 11.4–50.3 days/year longer than in the baseline condition (see Figure S2).
Compared to CC, increasing water extraction in CE tends to further prolong the thermal
duration by 0.3 d/yr and 3.9 d/yr during the 2050s but shorten it by 7.4 d/yr and 5.9 d/yr
during the 2080s for RCP4.5 and RCP8.5, respectively.

3.3.4. Impact on Epilimnetic Water Quality

Future warming air temperatures are likely to reduce the dissolved oxygen (DO)
concentrations in surface waters, but with small changes (see Figure 9a–d). The estimated
highest annual DO reduction would be within 4% of the baseline under the high emis-
sion condition of R88. Future temperature scenarios would likely result in higher TN
concentrations in surface water during the period from October to January after winter
turnover. Specifically, the TN changes are predicted to be less than 10% under projected
temperature conditions from the RCP4.5 emission scenarios, but to be around 18% and
10% in October during the 2080s under conditions of R48-T and R88-T. In June, before the
pre-winter turnover, TN concentrations were estimated to have experienced significant
increases, especially a 25% increase under the R48-T scenario over the baseline condition. It
is worth noting that the monthly TN concentrations are expected to increase by 7%–25%,
with an overall annual increase of 12% under the R48-T scenario (Figure 9f). TP concen-
trations are simulated to decrease by 5%–18% in the annual value under three warming
temperature conditions: R45, R85, and R88. The most significant decrease is expected to be
22% in November under the R88-T scenario (see Figure 9l). While the TP concentrations
are expected to increase, similar to TN, with a peak monthly change of around 28% in
June and an annual change of 12% under R48-T (Figure 9j), Chl-a concentrations have been
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simulated to increase by 5%–12% in the mean annual values under warming temperature
conditions compared to the baseline, but the monthly changes vary (c). Simulated Chl-a
concentrations are expected to increase significantly (up to 15%) during the late winter
mixing period by the 2050s. During the 2080s, the estimated Chl-a peaks in April, in the
autumn season, with increases of 11% for R48-T and 23% for R-88-T, respectively.
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Figure 9. Predicted monthly changes in chemical variables of dissolved oxygen (DO, a–d), total
nitrogen (TN, e–h), total phosphorus (TP, i–l), and chlorophyll a (Chl-a, m–p) in surface water
and the depth of hypoxia front (q–t) in Advancetown Lake under different conditions of warming
temperatures, climate change, and increasing water extraction over the baseline period of August
2011 to December 2019.

DO concentrations in surface water under CC scenarios are expected to have similar
trends to those under the warming temperature scenarios. Mean annual TN concentrations
are estimated to decrease by 7% under R45-CC and 3% under R48-CC. The maximum
decreases are expected to occur in July during the winter turnover period, with varia-
tions of −12% and −9% for the abovementioned scenarios, respectively (see Figure 9a,b).
Comparatively, the increases in annual and monthly TN concentration from the R48-CC
scenario are much smaller than those from the R48-T scenario. Variations in monthly TN
concentrations range from −7% to 3% under the R85-CC scenario, with an annual change
of 2%. While these variations are larger than the R88-CC scenario, with monthly values
over 12% during the period of June and from September to December (Figure 9h) and an
overall annual change of 8% over the baseline. Simulated TP concentrations are expected
to decline by around 3% and 1% under R45-CC and R48-CC, respectively, in comparison to
concentrations for the baseline. TP concentration is expected to increase under the scenario
of R85-CC, particularly in June during the winter mixing period, with monthly changes
of 10%. However, TP is simulated to decline significantly under the scenario of R88-CC,
with monthly changes ranging from −18% to −8% (Figure 9l). Overall, the annual mean
TP concentrations are estimated to increase by 4% under R85-CC while decreasing by 12%
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under R88-CC. Predicted variations in annual Chl-a concentrations are in the range of
2%–13% under CC scenarios, which are positively correlated with the projected increase
in air temperatures listed in Table S2. Nevertheless, the largest monthly increases are in
August or September (13–31%), during or after the winter mixing.

Generally, the impacts on surface water quality in Advancetown Lake from the CE
scenarios are similar to those from the CC scenarios. Annual mean DO concentrations are
estimated to decline by 1–4% under these CE scenarios. Annual mean TN concentrations
vary between −2 and 9% under CE scenarios, with higher TN concentrations than those
in CC scenarios, except for the R85-CE scenario, which has a lower TN concentration
compared with the R85-CC scenario. A decline of 4–13% is expected for TP concentrations
in CE scenarios, and these TP concentrations are lower than those from CC scenarios,
especially under the R85-CE scenario, declining from 4% under R85-CC to −6% over the
baseline. A 4–14% increase in annual Chl-a concentrations in surface water is predicted for
the CE scenarios over the baseline. It should be noted that during the 2050s, the relative
increases of monthly Chl-a concentrations in the cold months of August and September were
not as high for the CE scenarios as those for the CC scenarios, but during the period from
October to January, the CE scenarios had higher Chl-a than the CC scenarios (Figure 9m,o).
During the 2080s, greater relative changes of monthly Chl-a concentrations are expected in
the period of August and September from the CE scenarios; up to 17% for R48-CE and 40%
for R88-CE compared with the respective CC scenarios (Figure 9n,p).

3.3.5. Impact on Hypoxia

The results show that the hypoxia front, the depth below the water surface derived
from the simulated DO profiles with a threshold of 2 mg/L, will move toward the water
surface under future warming conditions (Figure 9q–t). The most significant monthly
changes are expected during the period from July to November within the winter and
spring seasons when the hypoxia front moves 5.2–11.5 m, 10.1–18.3 m, 12.1–21.2 m, and
16.0–27.0 m towards the lake surface under four warming air temperature conditions,
respectively, in comparison with the baseline. The largest monthly change is expected
to occur in August or September under each temperature scenario. While the monthly
changes in hypoxia front depth are relatively modest during the period from February
to June, it should be noted that under scenarios with projected higher temperatures, the
distance that the hypoxia front moves towards the surface compared with the baseline
is a distance of 0.6–4.1 m under the R45-T scenario (Figure 9q) and 2.3–8.9 m under the
R88-T scenario (Figure 9t) during the hot summer months from December to February.
The mean annual distance that the hypoxia front moves toward the water surface varies
from 4.6 m to 11.1 m under future warming temperature conditions. Comparatively, the
estimated changes in annual hypoxia front depth under CC scenarios are smaller than those
from warming temperature scenarios, ranging from −3.8 m to −8.7 m. These differences
between the CC scenario and the warming temperature scenario are mostly in mid and late
winter and at the beginning of spring. The greatest difference occurs under the changing
climate condition of R85, where the depth for the R85-CC scenario is about 6.1–10.3 m
less than for the R85-T scenario during the period from July to October. The response of
hypoxia front depth to increasing water extraction under future climate conditions varies in
that the hypoxia front moves further toward the surface during the period from September
to January in scenarios R45-CE and R88-CE than in the corresponding R45-CC and R88-CC
scenarios, with a maximum movement upwards of 3.8 m for R45-CC and 3.1 m for R88-CC,
respectively. Comparatively, the distance moved toward the surface in the months of July
and August is smaller in CE scenarios than in CC scenarios for the 2080s. Overall, the
movement of the mean annual hypoxia front toward the water surface varies from 4.6 m to
9.2 m among these CE scenarios.
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3.4. Contributions of Warming Temperatures under Climate Change Conditions

To illustrate the importance of each factor in contributing to the hydrodynamics and
water quality in Advancetown Lake, we compared the changes in hydrological inputs
from rainfall and the upstream catchment over a warming temperature under climate
change conditions and the effect of increasing water extraction over the overall CCs effect,
separately. These ratios (shown in Table 4) are categorized into 4 groups to illustrate the
strong offset (<−1), antagonistic (−1 ~ 0), synergistic (0 ~ 1), and dominant (>1) effects
between the factors. The results show that the input variation would slightly impact surface
Tw and enhance warming temperature of the hypolimnion Tw under future climate change
scenarios, except for the R48 scenario. Variation in stream inputs offset the impact of
warming in reducing thermocline depth and epilimnion thickness, especially for the high
emission condition of RCP8.5. A strong antagonistic effect was found for the change in
metalimnion thickness under the RCP4.5 emission scenario. While the variation in stream
inputs is simulated to increase metalimnion thickness under the climate change condition
of R88, it partly offset the impact of warming temperatures under the climate change
condition of R85, while it slightly reduced DO concentration in surface water. The stream
input changes reduced the impact of warming temperatures on surface TN concentration
under the emission scenario of RCP4.5 but strongly increased surface TN for scenario
RCP8.5. While an offsetting effect on TP changes is predicted for input variations over
warming temperatures, especially under the climate change scenarios of R48 and R85, there
is an antagonistic effect under the RCP4.5 emission scenario. A synergistic effect was found
on surface Chl-a for input variation with warming temperatures of the RCP8.5 emission
scenario. Nevertheless, the input variation appeared to offset the influence on hypoxia
front depth and thermal stratification duration from warming temperatures under future
climate change conditions.

Table 4. Ratios of changes induced by rainfall and upstream catchment hydrological outputs (CC-T)
compared with a temperature increase baseline (T-Baseline), and from increasing water extraction (CE-
CC) over changing climate (CC-Baseline) under future climate change scenarios. * Mean metalimnion
thickness is accounted for during the thermal stratification period.

Variable
(CC-T)/(T-Baseline) (CE-CC)/(CC-Baseline)

R45 R48 R85 R88 R45 R48 R85 R88
Surface Tw
Bottom Tw

Thermocline depth
Epilimnion thickness

Metalimnion thickness *
ST

Surface DO
TN
TP

Chl-a
Hypoxia front depth

Stratification duration
Color scale <−1 −1–0 0–1 >1

Under future climatic conditions, increasing water extraction would result in little
change in Tw in surface and bottom waters. For thermocline depth and epilimnion thickness,
increasing water extraction may enhance variations under emission scenario RCP4.5 but
offset them under emission scenario RCP8.5.

Offsetting effects are found on ST and surface DO from increasing water extraction
under future climatic conditions. For surface TN concentrations, antagonistic effects from
water extraction occur under RCP4.5 but synergistic effects occur under RCP8.5. For TP
concentration changes, strong enhancement occurs with water extraction for R48 but a
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significant reversal occurs for R85. Extraction enhances the influence of CC on surface
Chl-a concentration under future climate scenarios. It is noted that for thermal stratification
duration, there is a synergistic effect during the 2050s but an antagonistic effect during the
2080s with increasing water extraction relative to climate change. However, changes in
hypoxia front depth and thermal stratification duration from increasing water extraction
are minor in comparison with those from changing climate.

3.5. Impact of Water Supply Extraction

We examined the effect of a 50% increase in water extraction under a baseline (current)
climate and under four different climate scenarios (R45, R48, R85 and R88) on the hydrody-
namics and water quality variables in Advancetown Lake relative to a baseline, as shown in
Table 5. There is little impact on the surface Tw from increasing water extraction. However,
for the hypolimnion Tw, there is an increase of 0.1 ◦C from the baseline condition, little
difference for the R45 scenario, an increase of 0.1 ◦C for the R85 scenario, but a decrease
of 0.1 ◦C for the R88 scenario. Increasing water extraction would extend the thermocline
depth and epilimnion thickness but reduce the thickness of the metalimnion. The increasing
water extraction would further increase these changes under climate change, as shown in
the R45 scenario compared with the baseline condition, but the situation would be reversed
for the R85 emission scenario, i.e., decreased thermocline depth and epilimnion thickness
but extended metalimnion thickness. Increasing water extraction is expected to decrease
ST under all climate scenarios, especially during the 2080s. The impact of increasing water
extraction on DO concentration is minor in the surface water, as is the impact on TN
concentration under the three combined water extraction and climate scenarios of R48, R85,
and R88. For the baseline and R45, increasing water extraction would slightly increase
the TN in surface water, by 2.2% and 3.1%, respectively. TP concentration is estimated to
increase by 2.2% from increasing water extraction in the baseline case, but decrease under
future combined water extraction and climatic conditions, with the most significant decrease
of −8.9% under the R85 scenario. Chl-a concentrations are expected to increase by less than
5% with increasing water extraction, regardless of the climatic conditions. As opposed to the
changes in surface DO, increasing water extraction and climate change reduced the depth
of the hypoxia front, except for an increase in the R48 scenario. The decrease is about 1.2 m
under the water extraction baseline case, while absolute changes are within 0.5 m under the
climate change scenarios. The impact of increasing water extraction on thermal stratification
duration varies among climate scenarios. It is predicted to reduce the duration by 0.5 d/yr
under the baseline condition but to further extend the duration by 0.3 d/yr and 3.9 d/yr under
scenarios R45 and R85 during the 2050s. For the 2080 scenarios of R48 and R88, increasing
water extraction would reduce the duration by 7.4 d/yr and 5.9 d/yr, respectively.

Table 5. Changes in hydrodynamics and water quality variable concentrations caused by a 50%
increase in water extraction in comparison with the corresponding climate scenario under current
conditions (WE) and future climate change conditions (R45, R48, R85 and R88) for Advancetown Lake.

Variable WE R45 R48 R85 R88

Surface Tw (◦C) 0.0 0.0 0.0 0.0 0.0
Bottom Tw (◦C) 0.1 0.0 0.0 0.1 −0.1

Thermocline depth (m) 0.4 0.6 0.9 −1.9 −1.0
Epilimnion thickness (m) 0.6 0.8 0.9 −2.1 −0.9

Metalimnion thickness (m) * −0.4 −0.9 −0.3 0.5 0.7
ST (J/m2) −56 −36 −80 −53 −75

Surface DO (%) 0.6 0.4 0.3 0.5 0.4
TN (%) 2.2 3.1 0.4 −0.4 1.4
TP (%) 2.2 −1.1 −2.8 −8.9 −0.6

Chl-a (%) 4.3 3.2 3.3 2.7 4.9
Hypoxia depth (m) −1.2 −0.5 0.5 −0.3 −0.4

Stratification (day/year) −0.5 0.3 −7.4 3.9 −5.9
* Mean metalimnion thickness refers to the thermal stratification period.
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4. Discussion and Conclusions
4.1. Model Uncertainty and Limitations

The application of the coupled GLM-AED model in Advancetown Lake has shown good
performance, and the overall accuracy of the modelled water temperature (RMSE ≤ 0.62 ◦C)
is better than in many application cases worldwide (RMSE varying in 0.72–2.14 ◦C) [39].
A recent study showed the average RMSE of temperature simulation by GLM during the
calibration period and the verification period was 1.49 ◦C and 1.65 ◦C, respectively, for
tropical reservoirs of different sizes in Brazil [46]. The RMSE of the water temperature
simulation from this current study is less than that for applications of GLM for lakes in
Africa and Europe [7,35,49].

The 1D model does not have the capability to reproduce the horizontal spatial variation
in elongated or dendritic waters, and 2D or 3D models are required to capture horizontal
advection and dispersion. The hydraulic retention time of the upgraded Advancetown
Lake is about 5 years, and the distance between the inlet of the upstream tributary and
the outlet of the reservoir exceeds 6 km. The average flow velocity caused by inflow in
the longitudinal direction of the lake is much smaller (<< 1 cm/s) than that caused by
wind [35]. Therefore, the horizontal spatial variation caused by the inflow was ignored for
simulating the water quality near the dam wall of Advancetown Lake [50].

The default setting of GLM ignores the contribution of free convection to evaporative
heat flux [38], assuming that evaporative heat flux is proportional to wind speed. However,
this is usually considered to underestimate lake evaporation under warm climate condi-
tions [35,51]. The light extinction coefficient, Kw, was set to a constant value of 0.5 m−1

in this work, which ignores seasonal changes and may lead to poor predictions for the
thermocline in particular [39]. The lake hydrodynamics, especially thermal stratification,
are very sensitive to wind speed [2], and the importance of wind speed increases with
decreasing water depth [32]. The wind speed dataset in this study was collected from
the Coolangatta Airport at a lower altitude than the lake site, about 25 km away, which
cannot fully represent the temporal and spatial differences due to terrain differences. There-
fore, improving the local meteorological data monitoring will help to further improve the
stability of the model.

Selective water withdrawal is a commonly used method during reservoir operation
to control the thermal regime of downstream rivers and reservoir water columns [7]. The
water intake height in the reservoir has a major influence on the thermocline depth and
thermal stability during the summer season [31]. In this work, due to the lack of the
water intake depth operation log, there is limited information on the water intake depth or
targeted temperature for water withdrawal. Therefore, the water intake was set to a fixed
depth of 5 m below the water surface according to the water intake structure, with water
intake windows at every 5 m. Fixing the water withdrawal depth ignores the impact of the
dynamic withdrawal depth on the vertical heat distribution within the lake water column.
Given the large volume of Advancetown Lake compared with daily water withdrawals,
such an impact could be considered minor [35], but there may still be important changes
in stratification. During winter, the position of the water offtake may move downward.
As shown in Table 5, the impact of increasing the withdrawn volume with a fixed intake
depth varies among the climate scenarios in terms of the stability of the water column. The
water intake depth might be a source of uncertainty in mimicking the hydrodynamics in
Advancetown Lake, but the current model configuration simulated the water temperature
distribution reasonably well.

In this work, the catchment output from a previous SWAT study was used as the
hydrological input boundary condition for the coupled GLM-AED lake model, and the
ecological module was manually calibrated. The lack of water quality sampling data from
the hypolimnion meant that nutrient (ammonium and phosphate) release parameters for
the bottom sediment may not be especially reliable. These sediment-water fluxes were
adopted using relatively small values from the parameters listed in Table 1. The coupled
model simulated the ammonium peak in the epilimnion after winter turnover, as shown in
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Figure 4a. Increased water quality monitoring and direct measurements of sediment fluxes
could improve the simulation accuracy of the lake model and understanding of nutrient
cycles in Advancetown Lake.

4.2. Challenges of Water Resource Management

The long-lasting Millennium Drought brought serious challenges to public water
supply in the SEQ region during the period from the late 1990s to the early 2000s. As
such, emergency legislation and new investments were developed to ensure water supply
security. Under a changing climate with more extreme events in the future, together with
increasing water withdrawal due to population growth, there may be increased chance of
low water storage, which may result in elevated trophic status.

Studies have shown that water level decline caused by drought will reduce the stability
of thermal stratification in lakes and bring more frequent and longer mixing events, poten-
tially changing monomictic behavior to polymictic and warming up the hypolimnion [52].
One of the consequences of polymixis is the resuspension of sediments, leading to reduced
water clarity [53], which affects the thermal stratification, surface hydrodynamics, and
heat storage of lake water [54]. Nutrients released from the bottom sediments or that
are attached to particulate matter, enter the epilimnion through vertical mixing, thereby
increasing nutrient concentrations [29] and promoting the growth of phytoplankton [55].
Such an outcome can be found in Advancetown Lake during the winter turnover period,
with elevated Chl-a concentrations (Figure 4g).

Warming temperatures would likely increase the stability of the water column in
Advancetown Lake and prolong anoxic conditions in the hypolimnion (Figure S2). As
a consequence, there would be increased sediment release of nutrients, such as ammo-
nium [14] and phosphate [12,13], into hypolimnion. Dissolved inorganic phosphorus [22,56]
is especially important and has been associated with increased biomass of cyanobacteria
in deep lakes [33]. Warming temperatures will also stimulate phytoplankton growth [8]
and potentially be associated with harmful algal blooms dominated by cyanobacteria [57],
especially during the summer season [58]. Warming temperatures may impact microbial
metabolism, leading to more excretion and the accumulation of organic nutrients in surface
water [59]. Increases in water temperature are conducive to the dissolution and mineraliza-
tion of organic matter, which is likely to increase concentrations of dissolved nutrients in
the water (Figure 9f,j) [60,61].

Increasing water withdrawal can decrease the flux of nutrients from the hypolimnion
into the upper warm and turbulent water layer [32]. This may be an effective strategy to
limit algal blooms during warm seasons [62]. For monomictic and deep Advancetown
Lake, increasing epilimnetic withdrawal reduces the ST of the water column. It is worth
noting that studies have shown that Chl-a concentrations are highly correlated with TP
concentrations [3,63], but no such relationship was demonstrated under increasing water
withdrawal from Advancetown Lake, regardless of the climate scenario. Temperature
increase is the main factor driving changes in Chl-a concentration, except for the late winter
mixing period, under future climate change scenarios (Figure 9m–p).

Increasing water withdrawn from the epilimnion slightly shortened the average annual
stratification duration, but stratification appeared earlier and ended later (Figure S2),
depending on the climate scenario. Under the R88 climate condition, increased water
withdrawal shortened the thermal stratification duration but did not stop winter overturn
failure. Selective withdrawal depth management during the cold season could increase
the duration of winter mixing. Increased withdrawal from the epilimnion during winter
directly removes oxygenated surface water. Water withdrawn from the thermocline may
enhance vertical mixing [30].

The hydrological response of the Upper Nerang River catchment under future climate
change conditions affects the hydrodynamics in Advancetown Lake and tends to moderate
changes in stratification duration brought by warming temperatures (Figure S2). These
changes in catchment flow and nutrient loads will also impact the water quality in the lake.
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The concentrations of TN and TP in discharge from the upstream catchment into the lake
are expected to decrease by around 18% and 12%, respectively (Table S2). In comparison,
the simulated variations in nutrient concentrations are of smaller magnitude in the surface
water of Advancetown Lake than in the inflow, indicating the lake serves to buffer changes
in catchment nutrient inputs. Under a high emission scenario of R88, the TN concentration
is expected to increase by around 8%, while the change in TP concentration is consistent
with that in the inflow.

Decreased nutrient concentrations might not result in lower Chl-a concentrations in
surface waters, but changes in soluble active phosphorus in particular are important for the
growth and community structure of phytoplankton [63]. The aforementioned hydrological
study shows that changes in vegetation and soil physical and chemical properties of the
upstream catchment will lead to lower sediment and nutrient loads under future climate
scenarios (Table S2). The decreased loads of organic matter from the upstream catchment
under climate change would result in lower concentrations of colored dissolved organic
matter (CDOM) in lake water and better water clarity [64,65]. A lower light extinction
coefficient from better clarity means that the incident radiation can penetrate deeper into
the water layer, reducing the stability of the water body [54,66] and affecting primary
productivity [67].

The warming air temperature under future climate change conditions will not only
increase the water temperature in Advancetown Lake but may also result in a higher
temperature downstream of the dam. High temperature stress will seriously affect the
survival and reproduction of aquatic organisms and may eventually lead to the loss of
biodiversity [68,69]. Therefore, greater environmental flow and lower water temperatures
are important to support downstream health. Lowering the depth of withdrawal for
environmental flow can help support cooler water and reduce heat stress on aquatic
organisms in the downstream waters [35]. It should also be noted that hypolimnetic
withdrawal will result in less DO in the discharged water, especially during thermal
stratification. Maintaining or increasing aeration in the downstream channel may be
conducive to alleviating heat stress and maintaining good water quality in the downstream
waters under future changing climate conditions [7]. The hypolimnetic withdrawal would
potentially weaken the stratification of the water column [70] and decrease the sediment
and nutrient fluxes entering the epilimnion during winter turnover mixing [17]. Effects of
such water management on epilimnetic nutrient levels and phytoplankton dynamics can
reasonably be expected, but they also depend on the withdrawal fluxes.

Water resource management at Advancetown Lake faces many challenges from climate
change, population growth, and environmental flow demands. The overall impact on lake
hydrodynamics and water quality is complex due to the interaction among these factors.
As such, advanced algorithms should be considered to enable operational flexibility for
multiple objectives, such as flood mitigation, water supply, and environmental flow [71].
Impacts from frequent and intense extreme weather events also need to be fully evaluated
for their potentially large and varied impacts on lake ecosystems under future climate
change conditions [72].

5. Conclusions

The present work has combined a catchment model with a one-dimensional lake
model (GLM-AED) for simulating the hydrodynamics and water quality in Advancetown
Lake in subtropical eastern Australia. The combined model reproduced the hydrodynamics
and thermal structure in the lake and showed good consistency with the observed water
temperature, DO, and other water quality variables during the baseline period from August
2011 to December 2019. The responses of the hydrodynamics and water quality to warming
temperatures, climate change, and increasing water withdrawal associated with population
growth were investigated for this lake.

The model results showed the increase in water temperature and extension of thermal
stratification could be attributed to the warming air temperature under future conditions.
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These variations in precipitation and upstream catchment hydrological outputs could
partly offset the impact of warming air temperatures, especially for scenarios under a high
emission condition of RCP8.5. The impact of increasing withdrawal from the epilimnion
on the stability of the water column is antagonistic to that of climate change. However,
whether those impacts on the thickness of the epilimnion and thermocline depth from
climate change and water withdrawal are synergistic or antagonistic depends on the
scenario (RCP4.5 or RCP8.5). Nevertheless, Advancetown Lake is at risk of winter turnover
failures during the 2080s under an emission condition of RCP8.5. Concentrations of TN
and TP were simulated to increase under a future warming condition of R48-T. For the
combination of climate change conditions and upstream catchment hydrological outputs,
nutrient concentrations were simulated to decrease except for the TN concentration under
R88 emission scenarios (R88-CC and R88-CE). Under future scenarios, Chl-a concentrations
were modeled to increase, especially during the period after winter mixing.

Due to the increased water temperatures and prolonged thermal stratification duration
under future climate warming, the depth of the hypoxia front was simulated to move
towards the lake surface and increase in duration, with greater nutrient release from
bottom sediments. As such, water sampling in the hypolimnion should be put on the
water resource management agenda for assisting to better understand biogeochemical
processes in the lake bottom and to support effective engineering programs to deal with
the potential adverse effects of climate change on hydrodynamics and water quality in
Advancetown Lake.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w16010151/s1, Figure S1 Surface area and spillway ele-
vation for Advancetown Lake. The black dashed lines refer to the spillway elevations after dam
upgrades. Table S1 Climate change scenarios and lake hydrodynamic responses to warming air tem-
perature (T), climate change and upstream catchment hydrological variations (CC), and an increase of
50% in water withdrawal from CC condition by two future periods of ‘2050s’ (2040 – 2069) and ‘2080s’
(2070 – 2099) under emission scenarios of RCP4.5 and RCP8.5, respectively. Table S2 Projected changes
in air temperature (Ta), rainfall (PCP), and stream flow (Q) and loads of sediment (SS) and nutrients
(TN: total nitrogen, TP: total phosphorus) from Upper Nerang River catchment under climate change
conditions of RCP4.5 (R45 & R48) and RCP8.5 (R85 & R88) during two future periods of 2050s and
2080s simulated with the SWAT hydrological model (under review). The green to yellow colour bar
refers to a change range of 0–5 ◦C in Ta while the pink to blue colour bar presents a relative change
range from −70% to 70% in rainfall and catchment hydrological outputs under future climate change.
Figure S2 Distribution of thermal stratification periods under baseline conditions and different future
scenarios regarding warming temperatures, climate change, and increasing water demand over the
baseline period from July 2011 to July 2019.
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