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1. Introduction

Sustainable development goals have assumed a new paradigm with
Earth's life-support system, society, and economy including targets for
2030 (Griggs et al., 2013). Concerns about clean water, as well as the
health and production of ecosystems are intrinsically linked to climate
change.

Some of the consequences of climate change are a rise in air temper-
atures and alterations in rainfall patterns (IPCC, 2014). The water levels
of lakes and reservoirs have shifted due to the increase in the frequency
of occurrence of weather extremes. More frequent drought and flood
periods have been reported worldwide (Brasil et al., 2016; Soares
et al,, 2019; Jeppesen et al., 2015). Scientific research has focused on a
relationship between volume fluctuations and water quality degrada-
tion, in particular the nutrients dynamics, trophic state, and phyto-
plankton community (Jeppesen et al.,, 2015).

There is also evidence that climate change influences the thermal
dynamics of inland waters (Sahoo et al., 2016). The air temperature in-
crease has been reported as a driver of heating surface water tempera-
ture (Zhang et al., 2020) and another consequence are alterations in
the heat budgets of lakes (Woolway and Merchant, 2019). All of those
alterations can lead to cyanobacteria dominance (Kosten et al., 2012)
and blooms (Wells et al., 2015; Huisman et al., 2018).

In this way, global and regionalized climate models have been ap-
plied under different concentration pathway scenarios to predict cli-
mate change impacts (Eccles et al., 2019; Fenocchi et al., 2018; Prats
etal, 2018). Using this forecast data has enabled a better understanding
of the global warming effects on aquatic ecosystems. Especially coupling
climate models to aquatic ecosystem models has been used to predict
the consequences of climate change on aquatic environments (Moe
et al., 2016). Furthermore, these coupled models are used to test adap-
tive water management measures for the potential mitigation of nega-
tive impacts on the ecosystem (Ladwig et al., 2018).

Climate change effects have already been highlighted in global lake
ecosystems (Jeppesen et al., 2017; Woolway and Merchant, 2019).
However, further studies are needed to incorporate the likely impacts
of climate change in vulnerability assessments and lake management
efforts (O'Reilly et al., 2015). Although a water temperature increase is
prospective to be felt most strongly at low latitudes (Kraemer et al.,
2017), there are incipient local studies of likely impacts on lakes and
reservoirs located in subtropical regions.

The present study attempts to highlight whether potential climate
projections could affect the water levels and the thermal regime in a
multipurpose subtropical reservoir at the end of 2020s. Data generated
by aregionalized climate model was used for hydrological and hydrody-
namic simulations. The overall trends of CO, emissions rise have led to a
change in the pattern of climate forcing data and were evaluated to un-
derstand how the reservoir water level and the thermal regime would
respond in the near future. This study facilitates our current knowledge
of the possible implications of climate change on subtropical lakes hy-
drodynamics to target possible management efforts.

2. Material and methods
2.1. Study site and input data availability

Itupararanga Reservoir is located in an urbanized region in the Alto
Sorocaba basin in Sdo Paulo State, Brazil. The reservoir's main inflow is
the Sorocaba River which itself is formed by three streams: Sorocabugu,
Sorocamirim, and Una. The Sorocaba river is very important for the
whole state because it is one of the main contributors to the Tieté
River, a major river of Sdo Paulo city.

The Itupararanga reservoir was built for multiple management pur-
poses, e.g. public water supply (~2.15 m> s~ between 2005 and 2018)
that corresponds to almost 1 million of people, and power generation
distributed by a private company (~11m> s~!). The hydraulic retention
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time of the reservoir is approx. 245 days and the average water height
was 20.6 m near the dam between 2009 and 2018.

According to the Képpen-Geiger classification, the regional climate
can be classified as warm and temperate with dry winter and hot sum-
mer (Cwa type; Kottek et al., 2006). The dry season occurs between
April to September and the wet season is from October to March. The
basin annual average rainfall was 1572 mm per year for the period of
2009-2018 (INMET, 2020). Because of the drought faced in the
Southeast of Brazil in 2014, this average dropped to 1225 mm in that
year. The main morphometric, hydrological, and power generation fea-
tures of [tupararanga reservoir are shown in Table S1.

The catchment land-use composition is vegetation, farming (in-
cludes touristic ranches and crops) and urbanization that has increased
in the last few decades (68% of the original vegetation of the watershed
has been removed or replaced by farming and urbanization) (Taniwaki
etal, 2013).

The trophic state of Itupararanga reservoir has shifted over the years,
currently showing meso-eutrophic behavior, with a high presence of
nutrients (Cunha et al., 2017; Vargas et al., 2020). The phytoplankton
community has been dominated by cyanobacteria, in particular
Raphidiopsis raciborskii, which has been proven to be toxic in the reser-
voir (Beghelli et al., 2016; Casali et al., 2017) and may cause impact on
aquatic communities and food chains or even in the drinking water sup-
ply to population in the future.

The daily hydrological data were collected at one station located in
the dam (62510080) since 2005. In combination with outflow data,
this monitoring data were used to calculate reservoir inflows, water
levels and volume.

The meteorological data were collected from Sorocaba meteorologi-
cal station by National Institute of Meteorology (INMET) located 29 km
from the reservoir. This station is the only source for meteorological
data close to Itupararanga reservoir and it has an automatic hourly me-
teorological monitoring since 2006. In order to reduce bias related to
those data, we performed a sensitivity analysis and calibration for
model meteorological parameters.

The Environmental Company of the State of Sdo Paulo (CETESB) has
performed surface sampling every 2 months since 1998 at SOIT02900
station, near to the dam, and since 2005 at Sorocabugu (SOBU02800),
Sorocamirim (SOMI02850) and Una (BUNA02900) streams. The moni-
toring variables include water temperature and electrical conductivity
measurements. The location of Alto Sorocaba basin, its tributaries, and
the monitoring stations are presented in Fig. 1.

Previous data were collected nearby the SOIT02900 station (FAPESP
Projects: 2008/55636-9, 2016/09405-1) and represent measurements
in the water column every 50 cm in 2009-2011, 2013-2015, and
2017-2019.

The reservoir bathymetry, which corresponds to the storage, eleva-
tion, and area relationships, were processed by a project held at the Uni-
versity of Sdo Carlos's (UFSCAR-Sorocaba). This was performed by an
Ecobathymetr Bathy 500-MF and the Hypack Max Software to plan,
navigate, collect, and process data.

2.2. Model description

Numerical models used for ecological simulations in water bodies
are subject to major developments and can be a powerful tool in studies
of climate change. One-dimensional (1D) vertical process-based models
are the state-of-the-art tool to simulate lake water temperature dynam-
ics as the thermal regime in lakes has its major gradient across the ver-
tical water column.

Those models can simulate the vertical gradients of water tempera-
ture and lake level oscillations, with low computational processing time
and a high spatial as well as temporal output resolution regarding
modeled state variables and fluxes, which makes them suitable to per-
form long term modeling analyses.
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Fig. 1. Alto Sorocaba basin: a. Sdo Paulo State location; b. Alto Sorocaba basin location; c. Itupararanga reservoir location, its tributaries and monitoring station.

Data Source: INVET (2020), TOPODATA (2020)

The 1D hydrodynamic model used in the present study was the
General Lake Model (GLM v.2.2.0) (Hipsey et al., 2019). The GLM simu-
lates water balance, surface energy balance, including light penetration,
sensitive and latent heat transfer, mixing regime and thermal stratifica-
tion, as well as inflows, outflows, and water withdrawals. In addition,
the model is open source.

The model uses the dynamic Lagrangian-layer structure (Imberger
and Patterson, 1981), in which only the vertical variation is retained
to resolve the vertical gradients. The contraction or expansion of layers
represents lake density alterations related to mixing, stratification, and
water balance. The model state variables, their processes and equations
are described in the user manual (Hipsey et al., 2014).

GLM analyses were done using the statistical software R to simulate,
to assess the results, and to calculate the hydrodynamic indicators
through the packages glmtools (Read et al., 2016) and rLakeAnalyzer
(Read et al., 2011). A geographical User Interface for GLM (glmGU]I,
Bueche et al., 2019) was also used for the parameter sensitivity analysis
and auto-calibration.

GLM has been applied widely to understand thermal dynamics of lakes
(Hipsey et al., 2017; Bruce et al., 2018; Hipsey et al., 2019) and to investi-
gate shifts in hydrodynamics of lakes and reservoirs under climate change
(Bucak et al., 2018; Soares et al., 2019; Gal et al., 2020). The model has also
allowed increasing comprehension about the ecosystem processes-
human actions interactions, as well as on facilitating student learning of
climate change concepts (Cobourn et al,, 2018; Carey and Gougis, 2016).

2.3. Data processing and modeling setup

Meteorological variables used in this study included short-wave radi-
ation, air temperature, wind velocity, rainfall, and air relative humidity on
an hourly time step (Fig. 2). Long-wave radiation was estimated from rel-
ative air humidity and air temperature (Abramowitz et al., 2012).

There is one outlet used for water withdrawal located near the bot-
tom of the reservoir (withdrawal depth of 5.7 m). The outflow is partly
used for hydroelectric power generation and partly for the local water
supply. Periods of overflow occur through the reservoir spillway crest
(>20.7 m elevation). The water withdrawal and the overflow were set
up as separate outflows to not increase uncertainty at hydrodynamic
simulation.

The incoming daily streamflow was calculated using hydraulic bal-
ance calculations by the private company that operates the dam. The
streamflow conductivity was converted to salinity (Hornung, 2002).
To complete missing data in the salinity time series, a mass balance cal-
culation was performed using data from the three tributaries. Mean-
while, few electrical conductivity measurements were available. Thus,
the average conductivity between the three tributaries (70.8 uS cm™!)
was used to estimate a mean salinity concentration that was used in
the entire period (0.06 PSS). Electrical conductivity variations have not
been correlated to changes in the reservoir density flow regime; instead,
the freshwater reservoir's density stratification is dominantly driven by
changes in water temperature (see similar inflow data and conclusions
in Ryu et al., 2020).

The inflow water temperature was estimated by a weighted average
of the water temperature and flows of the Sorocabugu, Sorocamirim and
Una streams. Missing data were approximated using linear interpola-
tion on a daily time step.

We applied an automatic sensitivity analysis and calibration tech-
nique using the glmGUI v.1.0 (Bueche et al., 2019). Here, the sensitivity
analysis was first conducted on water level fluctuations and secondly on
changes in water temperature. Results from the sensitivity analysis
guided the automatic calibration for the period from January 2009 to
December 2013 (1826 days). The validation period was from January
2014 to March 2019 (1916 days).

The parameters related to minimum (hy,;,) and maximum layers
thickness (hyax) were manually calibrated according to the reference
values. The glmGUI calculates the sensitivity index (SI) for the parameters
of surface dynamics, mixing parameters, and hydrological and meteoro-
logical factors The SI's considered low (0 < SI < 0.05) were disregarded
and those considered as medium or high (0.05 <SI <0.2; 0.2 <SI < 1)
were submitted to the calibration process (Lenhart et al., 2002).

Based on field observations between 2018 and 2019, indicated by
four Secchi-disk measurements, the average radiation extinction coeffi-
cient (K,,) value was used as model input (0.94 m~"). Hydrodynamics
indicators were calculated to evaluate thermal regime at Itupararanga
reservoir, e.g. annual average water level (AAWL), maximum vertical
density gradient (DG), the average surface and bottom water tempera-
ture difference (SBD), retention time (RT), number of stratified days
(NSD) and the Schmidt Stability Index (SSI) (Idso, 1973).
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Fig. 2. Meteorological and hydrologic inputs in the simulation period. The red lines highlight simple moving average for each hydro-meteorological forcing data.

The RT, in days, was calculated from the daily flushing rate for each
year. The SSI measures the energy required to mix the entire lake to a
uniform temperature without the addition or subtraction of heat. As
the highest SSI values were observed in the wet season, maximum SSI
in the wet season (MSSw) was also calculated.

Water density was calculated by the rLakeAnalyzer package and the
DGs were manually calculated between adjacent layer cells. According
to Lewis (2000), for tropical lakes, a difference of 2 °C between the top
and the bottom of the water column is sufficient to classify the water
column as being stratified. Based on field surveys in [tupararanga reser-
voir, a high correlation was found between SBD and DG (r = 0.91). In
this way, the thermal stratification was defined when the SBD > 2 °C
and consequently the DG > 0.13 kg-m>-m™".

The model performance to simulate water level and water tempera-
ture was evaluated through Pearson's correlation coefficient (r) and the
root mean squared error (RMSE):

RMSE =

>N (Si—0i)2
+ 1)

where: N = number of observations, S = simulated data and O = ob-
served data for each “i” time step.
2.4. Hydrodynamic scenarios under climate projection

2.4.1. Data availability and processing

Data from Climate Change Projections for South America regional-
ized by the ETA Model (PROJETA) were used to simulate the climate
change scenarios in the Itupararanga reservoir.

The global climate model (GCM) chosen was The Hadley Centre
Global Environmental Model (HadGEM2-ES). The regionalization of
the HadGEM2-ES projections from 2006 to 2099, carried out by the
ETA model (Eta-HadGEM2-ES), had a resolution of 20 km and covers

South America, Central America, and the Caribbean. The Eta-
HadGEM2-ES has proved to be more sensitive to greenhouse gas
(GHG) emissions and it generates improved estimations than the ETA
nested in MIROC5 (Chou et al., 2014).

The scenarios were based on two GHG representative concentration
pathways (RCP), which correspond to different radiative forcing scenar-
ios of 4.5 W m~2 (RCP4.5) and 8.5 W m~—2 (RCP 8.5), respectively (Chou
et al., 2014). The first one is an optimistic scenario corresponding to a
CO, increase of about 650 ppm and the other a pessimistic scenario
where CO, exceeds 1000 ppm in 2100.

Climatic time series by Eta-HadGEM2-ES RPC 4.5 and 8.5 included
daily short-wave and long-wave radiation (W-m?), air temperature
(°C), air humidity relative (%), rainfall (mm) and wind speed (m/s)
from 2026 to 2030. A bias correction was performed to adjust historical
data and correct the future projections using 1-decade data as control
period (2009-2018). The long-wave radiation series was not corrected,
due to the lack of observation data.

For air temperature and rainfall correction, we applied the linear and
the variance scaling methods (LS/VS, Lenderink et al., 2007; Chen et al.,
2011; Teutschbein and Seibert, 2012) inside of the Climate Change for
Watershed Modeling tool (CMhyd, Rathjens et al., 2016). The LS method
is a simple approach based on the average difference between monthly
observed data and historical time series of climate models over the
same period of the observed series. The VS corrects both the mean
and the variance of time series. The same methods were applied to man-
ually correct the other projected meteorological data.

2.4.2. Inflow simulation

To predict the future reservoir inflow from the climate scenarios the
Soil Moisture Accounting Procedure (SMAP) was applied based on pre-
cipitation and evaporation data from the climate model.

The SMAP model uses a simple structure of reservoirs that repre-
sents the storage and water flow in the basin with continuous time se-
ries and uses the Soil Conservation Service - SCS (1964) method for the
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separation of runoff. The input data are the total precipitation and evap-
oration heights on a daily time step, the drainage area, and the initial
conditions of the basin. For calibration, the following parameters
needed to be adjusted (Lopes et al., 1982): soil saturation capacity
(Str), constant runoff recession (K2t), underground recharge parameter
(Crec), initial abstraction (Ai), field capacity (Capc) and constant of re-
cession of basic outflow (Kkt).

The version used in the present study was the Smap.Net version
1.0.0.0, which is freely available from the Laboratory of Decision Support
Systems (LabSid-USP). The model runs and generates runoff for a limit
of 1000 consecutive days.

The rainfall-runoff model was manually calibrated for 300 days,
from 2010-06-23 to 2011-04-18. It was given as the initial conditions
the drainage area (669 km?), the initial soil moisture level
(65 mm-mm™!), and the initial base streamflow (7 m>-s~1).

The goal of the calibration was to reduce the percent bias (PBIAS) for
streamflow to be considered satisfactory (4-25%, Moriasi et al., 1983).
The calibrated model was used to estimate the reservoir future inflows
based on estimated rainfall and air evaporation by Eta-HadGEM2-ES
RCP 4.5 and 8.5. The air evaporation data were bias corrected using
the previously cited bias correction.

The 1000 days period chosen for the simulation of the climate pro-
jections scenarios was from 2028-02-14 to 2030-11-09, which repre-
sents an exemplary time period in the near future to evaluate
potential impacts of climate change on water management decisions.
For the hydrological simulation, we assumed the initial base streamflow
as the mean observed flow between 2009 and 2018 (13.5 m>-s™ ).

As reservoir initial conditions for the hydrodynamic simulation, we
used the monthly mean water temperatures of the last decade as daily
input and the vertical salinity profiles assumed constant. Further, we
used the mean lake level value and mean water temperature value for
the month of January based on historical data series (2005 to 2018).

The present study did not take into account the various possibilities
of water withdrawal for power generation and water supply, for simpli-
fication only a minimum daily withdrawal was considered
(6.024 m>-s~!) based on the historical series (2005-2018). Overflows
were not observed in those periods. Thermal condition indicators
were calculated to quantify the climate change impact on the reservoir
thermal regime.

3. Results
3.1. Model performance

The Sensitivity analysis for water level and water temperature pre-
sented variations between the parameters and the evaluated multipli-
cative factors (Fig. 3). The water level had high sensitivity to the
inflows and outflows factors (SI = 0.54 and 0.69, respectively) and me-
dium sensitivity to the rain factor (SI = 0.15).

Regarding water temperature, the sensitivity analysis highlighted
the model's medium sensitivity to the wind factor (SI = 0.18) and
high sensitivity (SI = 0.21) to the latent heat transfer coefficient (c.).
Sensitive parameters were automatically calibrated, and the minimum
and maximum layer thickness were manually adjusted (Table S2).

The calibrated and validated water level and water temperature of
the Itupararanga reservoir showed good model fit criteria (Fig. 4,
Table 1). For calibration, Pearson correlation results showed higher
values at 5 m, 10 m, and 15 m than in the top surface layer. On the
other hand, for the validation period, the highest Pearson correlation
was found at 5 m, followed by top surface layer, and the simulated bot-
tom waters were warmer than the observations.

The simulated thermocline depths were compared with field obser-
vations to evaluate the model performance to observed mixing dynam-
ics in the Itupararanga reservoir (Fig. S1). The thermocline depths were
usually measured between 6.5 and 14 m and the simulations achieved a
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Fig. 3. Sensitivity index for water level and water temperature. Kw = light extinction
coefficient; Non-neutral bulk-transfer coefficients: ch = sensible heat transfer, ce =
latent heat transfer, cd = momentum; Mixing parameters: Cx = efficiency of convective
overturn, Cyy = efficiency of wind stirring, Cs = efficiency of shear production, C; =
efficiency of unsteady turbulence, Cy, = efficiency of Kelvin-Helmholtz billowing,
Chyp = efficiency of hypolimnetic turbulence; Multiplicative factors: fi, = inflow,
four = outflow, f; = rain, fx = wind.

range between 6 and 16.5 m, highlighting a thermocline deepening bias
(PBIAS = —17).

3.2. Hydrodynamics indicators

The hydrodynamics indicators of Itupararanga reservoir in the simu-
lation period are given in Table S3.

Alower NSD was identified in 2014 (72 days) compared to the entire
simulated period. On the other hand, after the rising lake level in the
year 2015, the SBD achieved 1.79 °C and the NSD increased
(136 days). Besides, the highest MSSw was accounted at 2018-12-21
(135.9 ]-m~2), followed by 116 J-m™2 at 2015-01-12 (shortly after
the drought period).

In the summer of 2014, the monthly mean precipitation was 140.7 mm
(INMET, 2020). In January 2014, the measured rainfall was 85 mm, the
lowest accumulated between 2008 and 2018. There was an increase in

Calibration Validation
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T
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Simulated|

13

Fig. 4. Observed and simulated water level.
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]l\./la:clél]performance metrics in four specific depths and water column over the simulation period.
Depths (m) Calibration Validation
0 5 10 15 Water column 0 5 10 15 Water column
RMSE (°C) 1.74 0.67 241 1.36 1.30 1.73 0.69 1.85 2.0 134
r 0.84 0.98 091 0.97 0.83 0.90 0.97 0.81 0.78 0.81

rainfall in the wet season of 2015 and this led to changes in the reservoir's
thermal regime. Between 2014 and 2015 the daily reservoir volume was
below the mean volume observed from 2008 to 2018 that corresponded
to 204 - 10° m> (INMET, 2020). The daily average minimum volume was
115 - 10° m® in December 2014.

3.3. Bias-corrected climate series and simulation of inflows

We corrected the simulated historical climate data from the global
climate model HadGEM2-ES regionalized by the ETA model under two
downscaling scenarios (RCP 4.5 and 8.5) using the linear and variance
scaling approach. After the observed and simulated historical climate
data had been compared and the identified biases, parameterized bias
correction based on the mean and the variance of times series was
used to correct historical and future climate data. (Table S4).

The forecasted climate data showed significant differences regarding
the baseline period (see Fig. S2). A slight future increase in shortwave ra-
diation and wind speed are expected for the two GHG increase scenarios.

The projections indicate an average air temperature increase of
2.5 °C (RCP 4.5) and 3.3 °C (RCP 8.5) relative to the baseline for the
end of this decade and beginning of the next one. On the other hand,
the average rainfall and relative humidity showed a downward trend.

The calibrated parameters of the hydrological model are shown in
Table S5. Although the observed inflow peak (January 2011) was
overestimated by 37% compared to the simulation in the calibration
(see Fig. S3), the SMAP presented satisfactory performance (PBIAS =
18%; +15 < PBIAS < +25, Moriasi et al., 1983) to predict minimum
and mean inflows.

After the calibration, the SMAP model was able to simulate represen-
tative future inflows from 2028-02-14 to 2030-11-09 (Fig. S4). In the
pessimistic scenario, the average daily inflows were well below
(2.6 m3-s71) the historical baseline (13.5 m®-s™ '), despite a simulated
peak in November 2028 (52.2 m>-s~!) that exceed the baseline flow.
On the other hand, for the optimistic scenario, the simulated inflows

RCP 4.5

showed a similar behavior of decreasing discharges during the drought
period observed in 2014 and during the wet period in 2018 (Fig. S4).

3.4. Climate scenarios for the Itupararanga reservoir

The annual average water level showed a declining trend in the op-
timistic scenario (Fig. 5; 20.5 m, 18.4 m and 15.4 m for the years of 2028,
2029 and 2030, respectively). In 2014, the Itupararanga water level has
reached a historical minimum of 16.7 m. On the other hand, in the pes-
simistic scenario, the water level declined with a higher rate than the
optimistic scenario (20.7 m in 2028, 16.3 m in 2029, reaching and re-
maining at dead storage in the whole year of 2030).

The warming of the top layer was evident in both scenarios; the an-
nual average water temperature reached 22.6 °C in the pessimistic sce-
nario (Table 2). The SBD was higher in the RCP 4.5 scenario than in the
RCP 8.5 one. This higher difference between surface and bottom tem-
peratures results in an increased water column stability.

The minimum annual depth of the thermocline was at 6 m from the
surface for the optimistic scenario and at 4 m for the pessimistic one.
The maximum depth was at 18 m for both scenarios. On the other
hand, in the period of reservoir dead storage, the thermocline remained
more shallow (10 m < RCP4.5 < 11 m; 6 m < RCP8.5 < 10 m).

The SSI values increased in both scenarios (MSSW > 150 J-m™2)
when compared to the baseline (Table S3 and Fig. S5). The thermal sta-
bility of the Itupararanga reservoir will increase (Fig. 6) and stratifica-
tion periods would start earlier (before spring).

4. Discussion

4.1. Evaluation of model performance and hydrodynamics features of
Itupararanga reservoir

The water level simulation results suggest a good fit with the obser-
vations (RMSE < 0.63 m, r > 0.8). Previous studies using 1D models

RCP 8.5

Fig. 5. Water levels under RCP 4.5 and 8.5 scenarios in 2028, 2029 and 2030. Baseline: monthly average depth from 2009 to 2018.
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Table 2
Comparison between thermal conditions indicators for calibration and validation period
and future optimistic (RCP 4.5) and pessimistic (RCP 8.5) scenarios.

Thermal conditions indicators 2009-2013 2014-2018 2028-2030

RCP4.5 RCP8.5

Average surface temperature (°C) 21.0 21.6 222 22,6
Average bottom temperature (°C) 20.1 20.8 19.6 204
SBD (°C) 0.9 0.8 26 22
Percentage of stratified days (%) 24 30 53 36

have shown similar agreements (0.2 m < RMSE < 0.74 m; Fadel et al.,
2017; Melo et al., 2019; Bueche et al., 2019). Furthermore, the model
showed a good capability to predict short-term water fluctuations, es-
pecially between 2014 and 2015, when the reservoir volume decreased
to ~29% of its normal capacity (Fig. 4).

The achieved model fit for temperature profile simulation can be
evaluated as very satisfactory (RMSE < 1.4 °C, Table 1). The literature re-
ports to the whole water column an acceptable range of RMSE between
0.9 °C and 1.5 °C (Bueche and Vetter, 2014; Fenocchi et al., 2017; Prats
etal., 2018). Recently, Farrell et al. (2020) showed that the uncertainties
associated with water temperature simulations from manual and buoy
data were similar and have a low influence on projections. Additionally,
the study highlighted that the thermal simulations were better in the
epilimnion than the hypolimnion. In the present study, when water
temperatures at certain specific depths (surface, 5, 10, and 15 m) were
evaluated, the error adjustments increased (RMSE ~ 1.7 °C) suggesting
a trend to overestimate water temperature in the bottom and underes-
timate water temperatures in the surface layers. This highlights the in-
fluence of the meteorological boundary conditions on the model
performance.

In the same way, a warm bias for the hypolimnetic temperature sim-
ulations had previously been reported (Bruce et al., 2018), as well as a
bias in the prediction of the thermocline depth (Bruce et al., 2018;
Bueche et al,, 2017). In the present study, the simulation of thermocline
depth achieved a satisfactory agreement compared to observations
(Fig. S1).

Another important finding was that in the drought period
(2014-2015), the outflow was reduced, which eventually increased
the hypothetical RT (453 days) to maintain a secure power generation
and drinking water supply (see Table S3). In the same period, the
water level dropped, and it influenced the thermal conditions of the
Itupararanga reservoir (NSD = 72 days and MSSw = 75.9 ]-m™2). Sim-
ilar behavior was identified in the Serra Azul reservoir, MG-Brazil,
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between 2014 and 2015, with a decrease of the number of stratified
days due to a decrease in water level (Soares et al., 2019).

Prior studies have identified that lakes and reservoirs respond rap-
idly to climate change (Adrian et al., 2009) and the shifts on rainfall re-
gime favors intensification of lake levels fluctuations (Reichstein et al.,
2013). A recent decrease in the annual average rainfall was recorded
in 2018 (INMET, 2020) leading to a decline of water level and a raise
of MSSw (135.9 J-m™2). This may be a consequence of increased air
temperature and consequentially the heating of the surface layer
(Darko et al., 2019).

4.2. Climatic data bias correction and hydrological calibration

Technical improvements of the output data from RCMs and their ap-
plication to study the hydrological impacts of climate change has devel-
oped in the last decade (Chen et al,, 2011; Chen et al,, 2013). However,
data bias corrections are still used to reduce the uncertainties of the
simulations.

Climate projections were corrected using current data and bias cor-
rection techniques. The linear and variance scaling techniques, based on
simple statistical methods (mean and variance), showed good agree-
ment (Table S4) within the range of results available in the literature
(Li et al,, 2019; Eccles et al., 2019; Teutschbein and Seibert, 2012).

The calibration of a simple hydrological model was performed to
simulate future inflows to the Itupararanga reservoir. Despite that the
observed maximum discharge (54.4 m3-s~!) has been overestimated
by 27% in the model (Fig. 5), generally the SMAP model showed a
good accuracy (r = 0.67) to replicate the inflow dynamics. Additional
monitoring stations for discharges would need required to improve
the simulation results.

Similar results were achieved by Cavalcante et al. (2020) calibrating
measured flash flood from eight rain gauges in the mountainous region
of Rio de Janeiro, Brazil. Despite the calibration limitations, a previous
study reported that the SMAP model was capable to predict future in-
flows for a hydroelectric plant based on data from an RCM, especially
after the rainfall bias correction (da Silva et al., 2019).

4.3. Water supply implications for the Itupararanga reservoir at the end of
this decade

Two scenarios (based on optimistic (RCP 4.5) and pessimistic (RCP
8.5) climate projections concerning GHG) were simulated using the hy-
drodynamic model. To run these scenarios the bias-corrected climate
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Fig. 6. Simulated water temperature: a. RCP 4.5 scenario b. RCP 8.5 scenario.
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projections and the simulated inflows were set as boundary conditions
to GLM.

The decrease in the air evaporation rates and the average daily rain-
fall in the analyzed period led to a decrease in the future inflows, assum-
ing historical minimum outflow conditions in the reservoir (Figs. S2 and
S4). Bucak et al. (2018) also reported a trend of decreasing future total
inflows under RCP 4.5 and 8.5 conditions in 2030 and 2060 based on
land-use changes for a large lake in Turkey.

Our simulations suggest that the local water supply from the reser-
voir works will be scarcely limited by October 2030 in the optimistic
scenario due to future lower daily rainfall in the watershed and the, al-
though low, withdrawal within the reservoir itself. On the other hand, in
the pessimistic scenario, the reservoir may not be able to provide
enough water already beginning in December 2029 as it had reached
dead storage (Fig. 5).

The generalizability of the achieved results is subject to certain lim-
itations. For instance, we are limited in predicting future outflow
changes as well as shifts in the land-use of the catchment, which
could cause feedback reactions on the reservoir's volume and thermal
dynamics. In another study, under current land-use conditions and the
HadGEM model under RCP 4.5 data, predictions until 2030 of the Lake
Beysehir had indicated a drop in the water level and for the RCP 8.5 sce-
nario a slight increase (Bucak et al., 2018).

The simulated scenarios highlight that the water management needs
to avoid future water losses in the Itupararanga reservoir water supply.
During the drought period (2014 to 2015), management used the reser-
voir dead storage, however it was not possible to supply drinking water
to the almost 1 million inhabitants and there was a need for water ra-
tioning in some cities. Due to a decrease in the volume of the
[tupararanga reservoir in 2018, the population was advised to save
water to avoid new rationing.

Despite the fact that a lake's water storage can be influenced by cli-
mate change, there exist a large regional variability that interacts with it
(Woolway et al., 2020; Shatwell et al., 2019). For example, strong sea-
sonal variations regarding rainfall regime (dry and wet periods in the
region), as well as lake-specific factors, such as morphometry. Further,
reservoirs operation can play an important role to maintain appropriate
water levels.

4.4. Consequences in the reservoir thermal regime based on climate
projections

In both simulated scenarios the average surface water temperature
increased compared to model calibration and validation periods (RCP
4.5: +1.1 °C (2009-2013), RCP 8.5: +1.6 °C (2009-2013), RCP 4.5:
+0.6 °C (2014-2018), RCP8.5: +1.1 °C (2014-2018)). The literature
has reported that lake surface temperatures have raised worldwide sim-
ilarly to air temperature trends (O'Reilly et al., 2015; Woolway et al.,
2019; Farrell et al., 2020).

The heating trend along the water column has also been reported
(Pilla et al., 2018; Shatwell et al., 2019; Mi et al., 2020). In Itupararanga
reservoir, the SBD measured was —1 °C between 2008 and 2018 and for
the optimistic and pessimistic scenarios, it will increase by +2 °C for the
period between 2028 and 2030 (Table 2), which would increase ther-
mal stratification. Due to climate change, many lakes across the world
may mix less frequently and alter their thermal regimes (Woolway
and Merchant, 2019).

The optimistic scenario projects future stratification from October to
mid-July/August (53% of stratified days in the entire simulated period,
see Fig. 6a). This occurs in conjunction with rainfall regime changes
(an increase of 38% between July and September compared to the his-
torical time series).

On the other hand, the percentage of stratified days was lower for
the pessimistic scenario (36%) compared to the RCP 4.5, prolonging
the amount of mixing days (Fig. 6b). This downward trend in stratified
days may be related to the decrease in water level (shown in
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Section 4.1) that favors the heating of the total water column and verti-
cal mixing of water masses (Magee and Wu, 2017).

The simulated thermocline depth has also shifted in both scenarios.
Higher GHC emission scenarios predicted thermocline deepening. Sim-
ilar behaviors have been forecasted for Lake Maggiore and Lake Tegel,
with an intensification of the summer stratification period and an in-
crease of thermocline depth (Fenocchi et al., 2018; Ladwig et al., 2018).

The stratified days and the thermocline depth are projected to in-
crease in Itupararanga reservoir, as well as the water column stability
(Fig. S5). Our model also predicted that the lakes thermal stability
(SSI) is projected to increase in the future, resulting in strengthened
stratification and reduced vertical exchange between surface and bot-
tom layers (Darko et al., 2019; Niedrist et al., 2018).

The literature has highlighted cyanobacteria predominance in the
last 20 years in the Itupararanga reservoir (Beghelli et al., 2016; Cunha
and Calijuri, 2011). Such dominance was driven by high water temper-
atures, especially in the summer, and high concentrations of ammao-
nium and nitrate available in the reservoir (Cunha et al., 2017). Casali
etal. (2017) also showed evidence of correlation between high concen-
trations of dissolved nutrients and higher densities of Raphidiopsis
raciborskii (Cyanobacteria), as well as concentrations of saxitoxins in
the water.

A recent study highlighted that the RCP 8.5 projections are closer to
historical projections and have been predicted as the best combination
for 2030 and 2050 based on current GHG emission policies (Schwalm
et al., 2020). Further investigation needed to be done to better assess
the impacts on reservoir water quality by water level fluctuations. Pe-
riods of drought have been related to the increase in trophic state and
consequent blooming of cyanobacteria (Tundisi et al., 2015; Brasil
et al., 2016; Mantzouki et al., 2018).

Under surface water heating, thermal stability intensification and a
lengthening of the stratification duration, water quality could poten-
tially deteriorate (Gray et al., 2019; Huisman et al., 2018). A potential
trophic level increase may prevent some reservoir uses, such as naviga-
tion and fishing, and generate high costs to improve drinking water
treatment. Therefore, water management needs to assess likely future
impacts and decision-making needs.

5. Conclusion

The current study investigates the impacts of future scenarios on the
hydrodynamics of a Brazilian multipurpose reservoir. Meteorological
projections based on a one low CO, emissions (RCP 4.5) scenario and
a high-emission pathway with no climate policy (RCP 8.5) scenario
were incorporated in a simple hydrologic model and a process-based
hydrodynamic model.

In two scenarios of GHG emissions and minimum water withdrawal
by the reservoir management, the water level was projected to decrease
and fall to the reservoir dead storage. Consequently, there could be a fu-
ture lack of water supply and decrease of power generation for a region
with a population of almost 1 million of people. The intensity of CO,
emissions has been shown to have a strong correlation with the meteo-
rological variables. The daily rainfall projections were lower for
2028-2030 in comparison to the long-term historical data, showing a
negative correlation with the GHG emissions raise. In the RCP 8.5 sce-
nario, the dead volume would be reached in 2029, while in the optimis-
tic scenario, the reservoir would become unusable 10 months later.

On the other hand, air temperature projections had a positive corre-
lation with the CO, emissions scenarios. Consequently, surface water
temperatures tend to increase in both simulated scenarios. Further-
more, longer periods of thermal stratification and a projected rise of
water column stability are expected and may generate harmful conse-
quences for aquatic biota and water quality.

Further research should focus on determining climate effects on the
aquatic ecosystem, especially regarding harmful cyanobacteria that can
cause many issues. The insights gained from this study may be of
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assistance to support management measures to ensure the mainte-
nance of reservoir uses and water quality considering future climate
projections.

Code and data availability

The GLM source code and several test cases are available, accessible
at https://aquatic.science.uwa.edu.au/research/models/GLM/latest_
release and the SMAP model is available online at http://pha.poli.usp.
br/default.aspx?id=76&link_uc=disciplina. The climate projections
data regionalized by the ETA model are available online at https://
projeta.cptec.inpe.br/.
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