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Abstract

We study the influence of cold fronts on the heat fluxes and thermal structure of a trop-
ical reservoir located in Brazil. The period chosen for this study consisted of 49 days
between 28 April 2010 and 15 July 2010 and was defined based on information from
the Brazilian Centre for Weather Forecasting and Climate Studies (CPTEC), data col-
lected in situ and the interpretation of remotely sensed images. During the selected
time period, five cold front passages were identified, allowing us to analyze the cumu-
lative effect of cold fronts and the reservoir’s resilience on the days that elapsed be-
tween the passages. To better understand the physical processes that drive changes
in heat fluxes and thermal structure, a simulation was performed that utilized a three-
dimensional hydrodynamic model. The results showed that during the cold front days,
the sensible and latent heat fluxes were enhanced by approximately 24 % and 19 %,
respectively. The daily average heat loss was up to 167 % higher on the cold front days
than on the non-cold front days. The high heat loss and the increased wind intensity
that occurred during the cold front passages destabilized the water column and pro-
vided partial or complete mixing. The colder waters of the Paranaiba River contributed
to reestablish the thermal stratification following the passages of the cold fronts. These
results suggest that cold front passages play an important role in the stratification and
mixing regimes of Brazilian reservoirs located in southern and southeastern regions.

1 Introduction

Lakes and reservoirs are well known to affect the climate at different scales by affecting
energy and water exchanges with the atmosphere (Krinner, 2003; Rouse et al., 2005).
Reservoirs also regulate the carbon cycle, affecting the climate through the release
and consumption of greenhouse gasses (Tranvik et al., 2009). It is therefore critical
to understand the environmental controls on the energy, mass and gas exchanges
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between reservoirs and the atmosphere to quantify their influence on climate systems
(Coe, 1998; Ledn et al., 2007; Mackay et al., 2009).

A reservoir’s energy budget depends on the season and the meteorological con-
ditions (Imberger and Patterson, 1990). Cold fronts change the weather and hence
affect the reservoir’s heat budget (Blanken et al., 2000; Maclintyre et al., 2009; Liu
et al., 2011). Due to the cloudiness associated with these meteorological events, the
shortwave solar radiation that reaches the reservoir’s surface is reduced, while the
longwave incoming radiation is enhanced. The sensible and latent heat loss is also
enhanced, making the heat budget negative. Although the effects of cold fronts have
been reported for North American water bodies, few studies have addressed this issue
in South American lakes and reservoirs.

Cold front incursions are one of the most recurrent synoptic patterns over South
America; they greatly affect atmospheric circulation, precipitation and temperature
regimes (Garreaud, 2000). The intensities of cold front passages over South America
are generally much smaller than those over North America (Marengo et al., 1997). Cold
fronts occur year-round and reach the Brazilian territory every 1 to 2 weeks; however,
they are more frequent during the austral wintertime (Stech and Lorenzzetti, 1992).
Wintertime cold fronts are also more severe and can cause freezing temperatures in
South and Southeastern Brazil (Marengo et al., 2002). The majority of these fronts
reach the hinterlands of Sao Paulo, Minas Gerais and Goias states in which many
reservoirs are located; most of these reservoirs are used to generate energy.

A preliminary investigation performed in the Itumbiara Hydroelectric Reservoir (here-
after called the ltumbiara Reservoir), which is located in Central Brazil, showed that
during a cold front passage, the reservoir heat loss tends to increase in response to
the changing weather conditions (Alcantara et al., 2010a). This study also demon-
strated that the cold front passage contributed to water column destabilization and pro-
moted mixing. Nevertheless, this study was limited because it utilized punctual mea-
surements (via a monitoring buoy) and did not consider the spatial variability in the heat
flux estimates. In addition, the sensible and latent heat fluxes were estimated without
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considering the stability of the atmospheric boundary layer (ABL), which is persistently
unstable over tropical reservoirs (Verburg and Antenucci, 2010), leading to underesti-
mated heat fluxes.

An efficient approach that has been widely used to support and complement the
understanding of physical processes in lakes and reservoirs is the use of a three-
dimensional (3-D) hydrodynamic model (Vidal et al., 2007; Rueda and Maclintyre, 2009;
Okely et al., 2010). One advantage of this approach is that it can simulate, in the space
and time, real and hypothetical scenarios; it can also simulate various physical pro-
cesses simultaneously (Rajar and Cetina, 1997). Conversely, one of the major disad-
vantages is the large amount of input data and parameters required, which often limits
its use (Bonnet and Wessen, 2001).

To overcome the lack of in situ data for the input, calibration and validation of mod-
els, some authors have utilized a synergistic approach that integrates remote sensing
techniques and numerical modeling (Hedger et al., 2002; Pleskachevsky et al., 2005).
The availability of remote sensing data at different temporal and spatial resolutions
allows new approaches and methodologies for monitoring the water quality and the
energy balance in inland water bodies (Kutser et al., 2005; Alcantara et al., 2010b).
The advantages of using remote sensing data to investigate inland water bodies are
the synoptic view of large areas, spatial variability of data and repetitive data acquisi-
tion (Jensen, 2006). Moreover, the cost of data acquired by sensors onboard orbital
platforms can be lower than the data acquired by conventional methods (discounting
the cost of the satellites) (Jensen, 2006).

For the reasons described above, this study aimed to investigate the effects of cold
front passages on the heat fluxes and thermal structure of a tropical reservoir located
in Brazil. To gain a better understanding of these processes, we conducted simulations
with a 3-D hydrodynamic model that was supported by in situ and remotely sensed
data.
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2 Site description

The Itumbiara Reservoir is located in the Parana River basin (18°25' S, 49°06' W) at the
border of the Minas Gerais and Goias States, Central Brazil (Fig. 1a). The reservoir was
formed by the damming of the Paranaiba River, which resulted in the flooding of its main
tributaries, the Corumba and Araguari Rivers. The basin’'s geomorphology resulted in
a lake with a dendritic pattern covering an area of approximately 778 km? and a volume
of 17.03 billionm?®. The reservoir's surface is located 520 ma.s.l. (meters above sea
level). The major axis is 30 km long, and the maximum width is approximately 15 km.
The reservoir depth ranges from 0.5 m to 78 m, with a mean depth of 32 m (Fig. 1b).
According to the Koppen classification system (Donn, 1978), the climate in the
ltumbiara Reservoir region is classified as “tropical savanna” with two well-defined sea-
son, dry (May—October) and wet (December—April). The monthly precipitation ranges
from 5mm in the peak of the dry season (winter in the Southern Hemisphere) to
250 mm in the peak of the wet season (summer in Southern Hemisphere). The average
air temperature is higher during the wet season (24 °C to 26 °C) and then decreases
during the dry season, reaching values lower than 20 °C in July. The relative humidity
displays a pattern similar to that of the air temperature but with a small shift in the
minimum value toward September (47 %). The wind intensity is lower during the wet
season (1.6 ms’1) than in the dry season (3.3 ms’1). On average, 11 cold fronts pass
over the reservoir annually; approximately 75 % of the occurrences are during the dry
season (Curtarelli, 2012). May and September contain the highest frequencies of cold
front passages, with two passages each on average. Depending on its intensity, a cold
front can remain over the ltumbiara Reservoir for up to five days (Curtarelli, 2012).
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3 Data and methods
3.1 Reservoir bathymetry

The bathymetry of the Itumbiara Reservoir was derived from depth samples collected
with an LMS-525 Lowrance® ecobathymeter (Tulsa, OK, USA) during two field cam-
paigns conducted in May and August 2009. A total of 125631 depth samples, with
accuracy of £0.1 m, were collected during the two field campaigns. The bathymetric
grid with a spatial resolution of 150m x 150 m was obtained by interpolating the depth
samples using an ordinary Kriging algorithm (Bailey and Gretel, 1995) following the
approach described by Merwade (2009). The depth values were corrected to the max-
imum level of reservoir operation (520 ma.s.l).

3.2 Field data

The field dataset used in this study includes meteorological, limnological and fluvio-
metric data. The meteorological data were acquired by two autonomous “SIMA” (In-
tegrated System for Environment Monitoring, Stech et al., 2006) systems that were
anchored within the reservoir (see the location in Fig. 1). SIMA is a set of hardware
and software designed for meteorological and limnological data acquisition and real-
time monitoring of natural and artificial aquatic systems. It is composed of an inde-
pendent system, consisting of an anchored buoy, containing a fixed payload (sensors,
data storage systems, transmission antenna and a battery). The meteorological sen-
sors are fixed 3m above the water surface. The data are collected at preprogrammed
time intervals (hourly for the Itumbiara Reservoir) and are transmitted by satellites in
quasi-real-time; they are available to any user located within 2500 km of the acqui-
sition point. The primary characteristics of the SIMA sensors used in this work are
summarized in Table 1. Further information about SIMA conception and operation can
be found online: http://www.dsr.inpe.br/hidrosfera/sima/en/. Throughout this paper, the
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SIMA located near the dam will be called station S1, while that anchored near the
river—reservoir transition zone will be called station S2.

Water temperature data at different depths were collected by thermistor chains cou-
pled to the SIMA. The S1-coupled thermistor chain collected temperature data at five
depths (1, 5, 12, 20 and 40 m), while the S2-coupled thermistor chain collected tem-
perature data at three depth (5, 12 and 20 m). The thermistors are accurate to £0.20°C
and have a response time of 2.5 s (when suspended by their leads in a well-stirred oil
bath). Water temperature data were collected hourly and sent via a satellite downlink
to a ground station in near-real-time.

The time series of total inflow, outflow and water level measured daily were provided
by Eletrobras—Furnas (http://www.furnas.com.br/Ingles/index.aspx), which is the com-
pany that oversees the reservoir’s operation. The total inflow was divided between the
two main tributaries (Paranaiba and Corumba River) based on outflow time series of
the Corumba Reservoir, which is located in the Corumba River at a location 35 km
upstream of the ltumbiara Reservoir. Because the Corumba Reservoir is located rela-
tively close to the ltumbiara Reservoir, we assumed that the Corumba River inflow was
equal to the Corumba Reservoir outflow. The Paranaiba River inflow was calculated by
subtracting the Corumba River inflow from the total inflow. We estimated that 79 % of
the total inflow is attributed to the Paranaiba River, and 21 % is attributed to the Co-
rumba River. Then, the total inflow data were distributed between the two inflows using
the percentages indicated above.

3.3 Satellite data

The satellite-based dataset used in this study includes cloud cover, the water sur-
face temperature (WST) of the rivers’ inflows and the daily precipitation rates over the
ltumbiara Reservoir. The cloud cover and WST used in this study are standard prod-
ucts (named M*D35L2 and M*D11A1, respectively) that were retrieved from a dataset
collected by the Moderate Resolution Imaging Spectroradiometer (MODIS) (Justice
et al., 1998). Both the M*D35L2 and M*D11A1 products are generated up to four times
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each day (i.e., 10:30LT, 13:30 LT, 23:30 LT and 02:30 LT) and are delivered in a georef-
erenced grid with 1 km of spatial resolution in a sinusoidal projection. More information
about the MODIS WST and cloud cover products can be found in Wan (2008) and
Ackerman et al. (1998), respectively.

The MODIS products were acquired online (http://reverb.echo.nasa.gov/reverb/) and
were preprocessed using the MODIS Reprojection Tool (available at https:/Ipdaac.
usgs.gov/tools/modis_reprojection_tool). The data were first resampled to a 150 m spa-
tial resolution (compatible with the bathymetric grid). They were then re-projected to
the Universal Transverse Mercator (UTM) coordinate system (zone 22 South) with the
World Geodetic System (WGS-84) datum as reference; they were then converted to
a raster image. A MATLAB® program was then used to retrieve the WST at the rivers’
inflows and the cloud cover time series over the ltumbiara Reservoir.

The precipitation rates were provided by Tropical Rainfall Satellite Measuring Mis-
sion (TRMM) (Kummerow et al., 1998), which is a satellite dedicated to monitoring the
precipitation in Earth’s tropical regions. In this study, we used the TRMM 3B42 prod-
uct version 6, which provides 3 h accumulated precipitation rates in a georeferenced
grid with 25km resolution. The precipitation time series over the ltumbiara Reser-
voir was generated using the TRMM Online Visualization and Analysis System (TO-
VAS), which is available online (http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?
instance_id=TRMM_3-Hourly). More details about the TRMM 3B42 version 6 product
can be found online (http://trmm.gsfc.nasa.gov/3b42.html/).

3.4 Model description

The Estuary and Lake Computational Model (ELCOM) (Hodges et al., 2000) was

used to simulate the response of the Itumbiara Reservoir to the cold front passages.

ELCOM solves unsteady, coupled, Reynolds-Averaged Navier—Stoke equations and

scalar transport equations using hydrostatic and Boussinesq approximations to model

the velocity, salinity and temperature of water in 3-D space and time. The hydrody-

namic algorithms that are implemented in ELCOM use an Euler-Lagrange approach
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for the advection of momentum adapted from the work of Casulli and Cheng (1992),
while the advection of scalars (i.e., tracers, salinity and temperature) are based on the
ULTIMATE QUICKEST method proposed by Leonard (1991).

The thermodynamics model considers the penetrative (i.e., shortwave radiation, Q)
and non-penetrative components (i.e., longwave radiation, Q,,,, sensible, Qg,, and la-
tent, Q),, heat fluxes) (Hodges et al., 2000). The fraction of Q, (280 nm to 2800 nm)

that penetrates into the water body, Qé;vo) (Wm™2), is given by:
-0
Oéw ) = st_total (1 - rgw) (1)

where Qg .1 IS the total incident shortwave radiation over the water surface (W m~?)
and r3" is the albedo of water for shortwave radiation. ELCOM allows the user to di-
vide the Qg 1015 iNto four components (photosynthetically active radiation (PAR), near-
infrared and ultraviolet A and B); the attenuation through the water column follows the
Beer-Lambert Law:

Qu(2) = QL) e 7 2)

where z is the depth below the water surface (m) and r, is the shortwave attenuation
coefficient (m'1). The net Q,, (W m'z) can be estimated based on the cloud cover
fraction, C, as follows:

Q= (1 - r;'W)) (1+0.17C?)g,0T% - e 0T 3)
;‘W’ is the water albedo for the longwave radiation, ¢, is the air emissivity, o
is the Stefan—Boltzmann constant (= 5.6697 x 10 Bwm™ K'4), T, is the air tempera-
ture (°C), g, is the water emissivity (= 0.96), and T is the water surface temperature
(°C). Qg (W m'z) and Q;, (W m'z) are estimated by standard bulk transfer models and
are parameterized as functions of meteorological variables as described by Fischer
et al. (1979):

Qsh = CsnPa CpU1O (Ta=Ts) (4)
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0.622

Qp = CinPa LeUig (€2 - €5) (5)

where Cy, is the transfer coefficient for sensible heat flux, p, is the air density (kg m'3),
¢, is the specific heat of air at a constant pressure (= 1003 J kg‘1 K‘1), U, is the wind

speed (M 3’1) at the standard reference height of 10 m, p is the atmospheric pressure
(mbar), Cy, is the transfer coefficient for latent heat flux (J kg'1 ), e, is the vapor pressure
of the air (mbar), and ey is the saturation vapor pressure (mbar) at 7. ELCOM does not
consider the condensation effects in its formulation. Furthermore, ELCOM allows the
user to simulate the effects of atmospheric stability on the surface heat fluxes using the
iterative procedure proposed by Hicks (1975) and described by Imberger and Patterson
(1990). In this case, the extrapolation of meteorological data collected at a given height
above the water surface to the 10 m standard reference height is done following Rayner
(1981).

The vertical mixing model uses the transport equations of turbulent kinetics energy
(TKE) to compute the energy available from wind stirring and shear production for the
mixing process (Spiegel and Imberger, 1980). The energy required to occur vertical
mixture is given by the density gradient in the water column. The wind energy available
for mixing, Eing (J kg'1), is parameterized as a function of the wind shear velocity, v,
(m 3’1), and a mixing coefficient, C,(= 1.33), as follows:

1
Eing = Ecguf (6)

The shear energy, Egpear (J kg™'), is parameterized as a function of shear, S (ms™',
and another mixing coefficient, Cg (= 0.15), as follows:

1
Eshear = ECSSZ (7)
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The TKE generated due to drag on the reservoir’s bottom can be included in the mixing
model according to the boundary condition set by the user. A complete description
of the formulae and numerical methods used in ELCOM was described by Hodges
et al. (2000).

3.5 Period of simulation

The period of 6 May 2010 to 15 July 2010 was chosen to simulate the cold front
passage effects on the heat budget and in the stratification and mixing processes
of the ltumbiara Reservoir. This period was chosen based on the availability of reli-
able in situ and remote sensing data and the occurrence of cold fronts. According to
the CPTEC/INPE climate report (available at http://climanalise.cptec.inpe.br/~rclimanl/
boletim/), five cold fronts (hereafter referred as F1, F2, F3, F4 and F5) passed over the
ltumbiara region during the period selected. These five cold front passages were con-
firmed by analyzing the meteorological data collected in situ and from satellite images
(Fig. 2). Table 2 shows a summary of the weather condition changes that occurred
during the cold front passages and the period of cold front activity over the ltumbiara
Reservoir.

3.6 Model setup and validation

The numerical domain, which was based on the bathymetry data availability, was dis-
cretized in a uniform horizontal grid containing 150m x 150m cells. The vertical grid
resolution was set to a uniform 1 m thickness, resulting in 78 vertical layers. The hor-
izontal and vertical resolutions were carefully chosen to optimize model performance
and to reduce computational cost. The water albedo was set to 0.03 (Slater, 1980),
and the bottom drag coefficient was set to 0.001 (Wuest and Lorke, 2003). The at-
tenuation coefficient for PAR was set to 0.6 m™~"' based on Secchi disc measurements
performed in the ltumbiara Reservoir during a field survey conducted in May 2009.
A value of 5.25m?s™", which was based on a previous study conducted in another

8477

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

HESSD
10, 8467-8502, 2013

Modeling the effects
of cold front
passages on the heat
fluxes

M. P. Curtarelli et al.

; “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/8467/2013/hessd-10-8467-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/8467/2013/hessd-10-8467-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://climanalise.cptec.inpe.br/~rclimanl/boletim/
http://climanalise.cptec.inpe.br/~rclimanl/boletim/
http://climanalise.cptec.inpe.br/~rclimanl/boletim/

10

15

20

25

tropical reservoir (Pacheco et al., 2011), was chosen for the horizontal diffusivity for
temperature and for the horizontal momentum.

Due to the presence of persistent unstable atmospheric conditions over tropical
reservoirs (Verburg and Antenucci, 2010), the atmospheric stability sub-model was
activated during the simulation; this procedure is appropriate in the cases in which the
meteorological sensors are located within the internal boundary layer over the surface
of the lake and data is collected at sub-daily intervals (Imberger and Patterson, 1990).
In this manner, at each model time step the heat and momentum transfer coefficients
were adjusted based on the stability of the ABL. The stability of ABL is verified through
the Monin—Obukhov length scale.

We defined three sets of boundary cells to force the inflow and outflow: two inflows
(the Corumba and Paranaiba Rivers) and one outflow (the water intake at the bottom
of the dam). The free surface of the reservoir was divided into two sections: one was
under the influence of S1, and the other was under the influence of the S2 meteorolog-
ical dataset. The model was forced using hourly meteorological data acquired by the
two SIMAs, the daily inflow and outflow provided by Eletrobras—Furnas, the cloud cover
and river temperatures extracted from the MODIS products and the daily precipitation
provided by the TRMM 3B42 product (Fig. 3).

To provide realistic estimates, the simulation was initiated 8 days before the period of
interest to spin-up the circulation patterns and water temperature gradient (see Fig. 3).
The simulation began on 28 April 2010 at 23:30LT and finished on 15 July 2010 at
23:30LT. All the time used in this work is referred to the local time (LT, —-3UTC). The
simulation was programmed to run at efficient time steps with the Courant—Friedrichs—
Lewy number fixed at 1/3 (Hodges et al., 2006). Thus, the time step was set to 150 s,
which was sulfficient to ensure the numerical stability of the model (Cassuli and Cattani,
1994). The initial temperature profiles were defined using the data collected by the two
thermistor chains. The free surface was considered to be flat at the beginning of the
simulation, and the water level was at 517 ma.s.l. The results were preprogrammed to
be recorded at every 12 time steps (i.e., 30 min).
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The ELCOM results were validated using the water temperature data acquired hourly
by the thermistor chains at stations S1 and S2 and the water level data that were
measured daily at the dam. The validation was performed in the following three different
ways: (1) a visual comparison of the position of the isotherms obtained using field data
and estimated by the model; (2) error analysis of simulated water temperatures at
different depths (the same depths as the thermistor chains); and (3) error analysis of
the simulated water level near the dam.

4 Results and discussion
4.1 Meteorological forcing at the ltumbiara Reservoir

A marked diel pattern was observed for air temperature, shortwave radiation, humid-
ity and wind speed (Fig. 3a—d). During the days on which cold fronts did not pass,
the air temperature typically ranged from 20°C to 30 °C, with the lowest temperature
values observed at approximately 09:00 LT and the higher values observed at approx-
imately 18:00LT. The shortwave radiation peak (approximately 800Wm_2) occurred
at approximately noon. On average, the humidity ranged from 45 % to 75 %, with the
higher values observed during the morning. The lowest humidity was observed during
the afternoon at approximately 19:00LT. The wind speed was higher in the morning,
reaching 6 ms™' with a preferential direction coming from the NE.

However, during the cold front days, the air temperature decreased, typically ranging
from 15 °C to 22 °C. Due to the cloudiness associated with the cold front passages over
the ltumbiara Reservoir (Fig. 3e), the shortwave radiation peaks were lower during
the cold front days; in some cases the maximum shortwave radiation observed was
250 Wm™2. The relative humidity also decreased during the cold front passage days,
reaching values of approximately 30 %. The wind speed increased, reaching values of
approximately 9 ms_1, and the preferential wind direction changed to the S or SW.
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4.2 Model validation

Figure 4 shows the observed and simulated temperatures for the ltumbiara Reservoir.
Figure 4a, b presents the results for point S1, located near the dam, and the Fig. 4c, d
presents the results for point S2, located in the river—reservoir transition zone. At both
analyzed points, the model was able to reasonably reproduce the thermal structure.
Visually, the isotherms and the diurnal cycle of stratification were also well-represented
by the model.

The error analysis of the simulated temperature (Table 3) showed that for both sam-
pled validation points and depths, the Root-Mean-Square-Error (RMSE) was lower than
3 %, indicating that ELCOM performed well when predicting the water column temper-
ature. The model performed better in the region near the dam, with an average RMSE
of 0.34°C (1.3% of range); the validation point in the river—reservoir transition zone
had an average RMSE of 0.66 °C (1.96 % of range). This level of accuracy is consistent
with other 3-D modeling studies in lakes (Hodges et al., 2000; Okely et al., 2010). The
error analysis of the simulated water level near the dam also produced favorable results
(RMSE < 1 %), indicating that the ELCOM model could compute the water balance and
represent the reduction in the water level during the simulation period very well.

4.3 Surface heat fluxes

All three components of the surface heat fluxes showed a marked diel cycle (Fig. 5a);
the peak heat loss occurred between 01:00 LT and 05:00 LT. The latent heat flux was
the primary component of the surface heat flux; on average, it accounted for 64 % of the
daily loss. On the days on which cold fronts were absent, the latent heat flux ranged,
on average, from —64Wm™2 to —292Wm™2. On the cold front days, the latent heat
flux increased and ranged, on average, from —150 wm™2 to —300Wm'2; however, in
some cases, the flux exceeded —400Wm™2. The maximum loss was observed during
F2, when the latent heat flux reached —491 Wm™2. This value is approximately 1.5-fold
higher than the maximum latent heat loss observed during a non-cold front day. The
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daily average latent heat flux mcreased approximately 19 % on the da%/s with cold front
activity, changing from ~173Wm™2 (non-cold front day) to —206 Wm™* (cold front day).

The longwave heat flux played a secondary role in the surface heat fluxes, account-
ing for approximately 27 % of the daily reservoir heat loss. The longwave heat flux
ranged from ~30Wm™ to —100Wm™2 during the non-cold front days. However, in
contrast to the latent heat flux, the absolute value of the longwave heat flux decreased
by approximately 18 % during the cold front passage, changing from -80Wm™ (non-
cold front days) to —66Wm™2 (cold front days). This result can be explained by the
increased cloudiness that occurred during the cold front event, which contributes to the
incoming longwave radiation flux, and the decreased surface water temperature, which
contributes to the decreased longwave radiation loss.

The sensible heat flux accounted for only 9 % of the daily reservoir heat loss and
showed a similar behavior to the latent heat flux during the cold front passages. On
the days without cold front passage, the sensible heat flux ranged, on average, from
10Wm™ to —25Wm™2. The positive values were observed only at the beginning of
the afternoon, when the air temperature and solar radiation were at their maximum.
However, during cold front conditions, the sensible heat flux values were negative for
the entire day, and the heat loss exceeded —~80Wm™2. For the five cold fronts ana-
lyzed, the sensible heat flux showed a similar pattern, with small differences in the heat
loss magnitude. The maximum loss was observed during F4, when the sensible heat
flux reached —122 Wm™2. This value is approximately 4-fold higher than the maximum
sensible heat loss observed during a non-cold front day.

The daily averaged sensible heat flux increased by approximately 24 % on the days
with cold fronts activity, going from —24Wm™2 (non-cold front days) to -30Wm™2 (cold
front days). It is noteworthy that the Bowen ratio (i.e., the ratio between sensible and
latent heat fluxes) increased during the cold front passages (Fig. 5b), reaching values
of approximately 0.35. In this case, the sensible heat flux contributed to approximately
11 % of the total heat loss.
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4.4 Heat budget

The heat budget (Fig. 5¢) was primarily controlled by the shortwave incoming radi-
ation and the latent heat flux. Heat gain occurred during the morning and the after-
noon, between 09:00 LT and 18:00 LT, and heat loss occurred for the remainder of the
day. During the non-cold front days, the heat budget ranged, on average, from 450
Wm™ to —400Wm™2. On the cold front days, the heat budget ranged, on average,
from 230 Wm™2 to —450Wm'2; however, it exceeded —~500Wm™2 in some cases. The
maximum heat loss was observed on 12 May at 19:00 LT during F2, when the heat
budget was -611 Wm™2. This value is approximately 2-fold higher than the maximum
heat loss observed during a non-cold front day.

The daily averaged heat budget ranged from 145Wm™ to —249Wm'2, with a mean
value of —41 Wm™2. Considering only the days with cold front passages, the daily aver-
aged heat budget was approximately —74 Wm™2, representing an increase of 167 % (in
absolute value) when compared with the days lacking cold front passages (—28Wm'2
on average).

4.5 Water column thermal structure

Figure 6 shows the temporal variation of the thermal structure along the longitudinal
transect of the Itumbiara Reservoir (the transect is shown in Fig. 1). At the begin-
ning of the simulated period (i.e., the beginning of the dry season), the main body
of the Itumbiara Reservoir was stratified with a difference of 2°C between the sur-
face (28.5°C) and the bottom (26.5°C). The permanent thermocline was localized at
approximately 30 m depth and was tilted toward the river—reservoir transition zone.
A marked diel cycle of stratification was observed, and the diurnal mixed layer formed
between 12:00 LT and 20:00 LT. The maximum value of the diel cycle of stratification
occurred at approximately 16:00 LT, with the diurnal mixed layer reaching 5m depth
(Fig. 6a). During the passage of F1, the increased wind intensity and heat loss pro-
moted the deepening of the thermocline (Fig. 6b); however, the water column was
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incompletely mixed. After the passage of F1, the permanent thermocline deepened to
a 40 m depth (Fig. 6¢), but the main body of the reservoir remained weakly stratified.
With only one day elapsing between the passages of F1 and F2, the reservoir had little
time to reestablish the thermocline, which was partially eroded during the passage of
F2 due to the large amount of energy released (Fig. 6d). Following F2 (Fig. 6e), the
main reservoir body was partially mixed, and the difference between the surface and
bottom temperatures was less than 1°C near the dam.

This temperature difference was greater toward the river—reservoir transition zone
(~ 1.5°C), indicating that the river temperature exerted some influence on the thermal
structure of the reservoir, thus contributing to water column stability. During the pas-
sage of F3 (Fig. 6f), the diurnal mixed layer was not formed, and the water column
was completely mixed in the majority of the reservoir. However, after the passage of
F3, a period of 10 days elapsed in which cold front passages did not occur; therefore,
the stratification was partially reestablished in the main body of the reservoir (Fig. 69).
This stratification remained until the passage of F4 (Fig. 6h), when the thermocline was
again eroded.

Upwelling events were observed following the F4 passage (Fig. 6i). During the F5
passage (Fig. 6j), the water column was totally mixed in the main body of the reser-
voir, but it was only partially mixed in the transition zone. Due to the influence of the
Paranaiba River water temperature, which is colder than the reservoir temperature,
a few days after the last cold front passage (Fig. 6k, 1), the reservoir was partially re-
stratified; the difference between the surface and bottom temperatures reached 2.5°C
in the transition zone.

4.6 Cold front effects on stratification and mixing processes

Similar to other tropical lakes (Maclntyre et al., 2002), the ltumbiara Reservoir un-
dergoes a diel cycle of stratification and mixing. To analyze the effects of cold front
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passages on the water column stability, we computed the Brunt-Vaisala frequency,
N?, (Pond and Pickard, 1983) as follows:

2o__(9)\dp
N2 = (po)dz ®)

where g is acceleration due to gravity (=9.81 ms'z), 0o is the reference density
(kg m'3), and p is the water density (kg m‘s). We also computed the Lake number,
Ly, (Imberger and Patterson, 1990) as follows:

| 95(1-2/z) o

N =
pstZ AL (1-24/2p)

where z; is the height from the reservoir bottom to the center of the thermocline, z,
is the maximum reservoir depth (=78 m), p, is the density of the reservoir surface
water (kg m_s), A, is the reservoir surface area (m2), z,4 is the center of volume of the
reservoir (m), and S; is Schmidt stability, which is calculated as follows:

S =7 / (2 - 2)A2)0(2)0z (10)

where z is the vertical upward coordinate (m), A(z) is the area of the reservoir at height
z (m2), 0(2) is the water density at height z (kg m’s), and z, is the center of volume of
the reservoir (m), which is calculated as follows:

°m ZA(2)d
z _ Jo 2A@)az (11)

7 [g”‘ A(z)dz

N? represents the angular frequency at which a vertically displaced parcel of fluid will

oscillate within a statically stable environment. Conversely, Ly characterizes the dy-

namic stability of a lake and represents the ratio between moments of the wind force
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at the surface of the lake and the gravity-restoring force due to the stratification, above
the center of the reservoir volume (Imberger and Patterson, 1990).

The high heat loss that occurred due to the passages of cold fronts over the ltumbiara
Reservoir affected the water column temperature and stability. Prior to the passage
of the first cold front, the water column presented a temperature difference of 2.5°C
between the surface and the bottom; following the passage of the cold front, the water
temperature of the surface layer and the temperature difference in the water column
decreased. The analysis of Ly is shown in Fig. 7a, b. When Ly > 1, no deep upwelling
occurs, and when Ly < 1, the cold deep, often nutrient-rich water from the hypolimnion
reaches the surface layer during the wind episode (Antenucci and Imberger, 2003). For
Ly values as high as 60, little turbulent mixing is expected in the hypolimnion (Hondzo
and Stefan, 1996).

In this case, all instances for which Ly > 1 occurred during the daytime, when inci-
dent shortwave radiation was present; however, following the passage of a cold front,
the L\ values increased during the heating phase. Often, Ly < 1 occurred during the
nighttime; the unique exception is the day during which the cold front passage resulted
in Ly < 1. Following the passage of a front, the water from the hypolimnion becomes
progressively cooler, and the mixed layer moves to the top layer. The increased Ly
value following the passage of the daytime front may be explained because during the
passage of a cold front, the water loses energy to the atmosphere, and when the cold
front dissipates, the incident shortwave radiation heats the surface, creating a condition
that enhances the stability of the water column.

The Brunt-Vaisala frequency (Fig. 7c, d) shows that prior to the cold front passage,
the stratification was stable (N2 > 0) during the daytime and less stable during the
nighttime. During the cold front passage, the stability of the stratification was destroyed
and the system mixed (N2 = 0). Following the cold front passage, the system returned
to stable stratification during the day and vertical mixing at night. The Brunt-Vaisala
frequency shows that the depth of mixed layer is approximately 20 m (N2 =0). In very
few cases, the mixed layer depths reached 40 m; when this phenomenon occurs, the
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water column overturns. This complete vertical mixing erodes the barrier imposed by
the stratification (more commonly during the day prior to a cold front) and facilitates the
availability of nutrient-rich, deep waters that increase primary production (Ostrovsky
et al., 1996).

4.7 Effect of atmospheric stability on the heat budget

During the simulated period, the ABL over the ltumbiara Reservoir was unstable for
98 % of the time. This persistent unstable condition results in substantially increased
heat loss for tropical reservoirs and lakes (Verburg and Antenucci, 2010). For the
ltumbiara Reservoir, the unstable ABL increased the heat transfer coefficients by 49 %
relative to the transfer coefficients obtained considering the ABL neutral; the coeffi-
cients changed from 0.00143 to 0.00220. These values are similar to those reported by
Verburg and Antenucci (2010) for Lake Tanganiyka, Africa. As result of the increased
heat transfer coefficients due to the unstable ABL, the Qg, and Qy, losses were en-
hanced by approximately 23 % and 13 %, respectively, when compared with the fluxes
estimated considering the ABL neutral. The impact on Q,y, was approximately 24 %
(26Wm‘2), representing a difference of 0.02 PW (1 PW = 10" W) of energy released
by the reservoir during the analyzed period.

5 Conclusions

We investigated the effects of successive cold front passages on the heat fluxes and
thermal structure of a tropical reservoir located in Brazil combining 3-D hydrodynamic
modeling, remote sensing and in situ data. The main conclusions are:

The cold front passages lead to significant changes in meteorological conditions
over ltumbiara Reservoir that largely promote turbulent mixing through increased ver-
tical gradients of temperature and vapor pressure between the water surface and the
ABL as well as increased wind speeds. Hence, the surface energy budget rates were
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substantially altered. During the cold front days the heat loss can be 2 or 3 fold greater
than in the non-cold front days in ltumbiara Reservoir.

The passages of cold fronts promote the partial and, in some cases, complete ero-
sion of thermocline. However, the ltumbiara Reservoir is able to reestablish the strati-
fication in few days after the cold front passages, mainly in the transition zone where
the Paranaiba River exert influence in the thermal structure.

The synergistic approach used in this study (which includes 3-D modeling, remote
sensing and in situ observation) was useful in explaining the physical response of the
ltumbiara Reservoir to the passages of cold fronts. The synoptic view of the water body
provided by the 3-D model enables the generation of questions and the development of
strategies to better understand the implications of meteorological events on the function
of aquatic systems. Further, the use of remote sensing data to feed the 3-D models
represented a good alternative to the lack of data collected in situ, primarily regarding
cloud cover and inflow temperature.

The results presented in this paper suggest that 3-D models and remote sensing
data can be applied to investigations beyond solely physical processes; these data can
now be used to attempt to perform effect-oriented modeling for issues such as water
quality in a changing climate.
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Table 1. Technical specification of the SIMA sensors.
Sensor Manufacturer Range Accuracy Height
Air temperature Rotronic -4t060°C +0.3°C 3
Wind speed Young 0to 100ms™" +0.3ms™" 3
Wind direction Young 0 to 360° +3° 3
Relative humidity Rotronic 01to 100 % +1% 3
Shortwave radiation  Novalynx 0to 1500Wm™2 <1Wm™ 3
Barometric pressure Vaisala 800to 1060 hPa +0.3 hPa 3
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Table 2. Summary of weather conditions during the cold front passages over the Itumbiara
Reservoir. Drop in air temperature (AT,), maximum wind intensity (U,,,), preferential wind di-

rection, relative humidity variation (ARH) and accumulated precipitation (P).

Cold front ID  Date AT,(C)  Upax (M s™')  Wind Direction  ARH (%) P (mm)

F1 9 May 2010-10 May 2010 5.2 7.1 From NE to SW 30.9 0

F2 12 May 2010-13 May 2010 3.8 6.5 From NE to SW 55.7 0

F3 18 May 2010-20 May 2010 3.4 86 FromNEtoS 54.1 4.4

F4 30 May 20101 Jul 2010 3.1 8.8 FromNEtoS 63.9 73.2

F5 4 Jul 2010-7 Jul 2010 4.3 7.2 FromNEtoS 57.6 16.7
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Table 3. Mean Absolute Error (MAE) and RMSE of the simulated temperature at the S1 and

S2 stations.
Depth sampled (m) S1 2
MAE MAE RMSE RMSE MAE MAE RMSE RMSE
(C) (% (0 (%) (C) (%  (C) (%)
1.5 029 1.12 0.32 1.22 - - — -
5 0.30 1.18 0.33 1.28 036 1.4 0.39 1.49
12 0.27 1.06 0.30 1.15 0.36 1.42 0.39 1.51
20 026 1.03 0.29 1.11 0.65 2.53 0.75 2.89
40 0.39 1.49 0.45 1.74 - - - -
Average 0.30 1.18 0.34 1.3 046 1.78 0.51 1.96
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' Itumbiara Reservoir

Fig. 2. Cloudiness associated with cold front passages over the Itumbiara Reservoir observed
by the Geostationary Observational Environmental Satellite (GOES). False color composites
(R2G3B1) during the F1 (a-d), F2 (e-h), F3 (i-l), F4 (m-p) and F5 (g-t) passages.
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Fig. 4. Observed (a) and modeled (b) water temperature near the dam (station S1); observed
(c) and modeled (d) water temperature in the river—reservoir transition zone (station S2).
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