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ABSTRACT

The objective of this work is to evaluate the feasibility of moderate resolution satellite data estimating the surface heat
balance in a tropical hydroelectric reservoir. Each component of the heat flux balance was computed using the MODIS
(Moderate Resolution Imaging Spectroradiometer) water surface temperature (WST) level 2, 1 km nominal resolution
data (MOD11L2, version 5) from 2003 to 2008. The consequence of the heat flux exchange in the water column ther-
mal structure is also investigated. The passage of cold front over a region decreases the atmospheric pressure and air
temperature, enhancing the relative humidity. The sensible flux presents a small variability but an increase occurs due to
a convective turbulence caused by front passage. The latent flux decrease but insufficiently to cause a condensation, just
the evaporation decreases. The upwelling events are the responsible to maintain the loss of heat after the cold front pas-

sage.
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1. Introduction

Aquatic systems continually respond to climatic con-
ditions (hydro-metrological processes) that vary over
broad scales of space and time. The primary control of
the seasonal cycle of water temperature at a given
location is the seasonal cycle of incoming shortwave
radiation. The response of each water body to meteo-
rological conditions is revealed firstly by the thermal
structure of the water column [1]. The precise knowl-
edge of reservoir heat flux dynamics is of paramount
relevance for hydrobiological and water quality studies
as physical control of the biotic structure in reservoirs is
even more important than in natural lakes [2].

Thermal infrared remote sensing applied to freshwater
ecosystems has aimed to map surface temperatures [3-5],
bulk temperatures [6], circulation patterns [7] and to
characterize upwelling events [8]. However, the appli-
cation of thermal infrared images to estimate the net heat
flux in tropical hydroelectric reservoirs is scarce.

Besides the power of thermal remote sensing images
to study the water surface temperature, the satellite data
is only from the upper most layer of the water surface
(skin temperature). To see below the surface some au-
thors had used telemetric data collected by an anchored
buoy [9,10].
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Based on this, the objective of this paper is to estimate
the influence of the heat flux exchange between the wa-
ter surface and the atmosphere in the water column
stratification.

2. Methodology
2.1. Study Area

Our study site is the Itumbiara hydroelectric reservoir
(18°25'S, 49°06'W), located in a region stretched between
Minas Gerais and Goids States (Central Brazil) that was
originally covered by tropical grassland savanna, cover-
ing an area of approximately 814 km? and a volume of
17.03 billion m* (Figure 1).

The climate in the region is characterized by an aver-
age precipitation ranging from 2.0 mm in the dry season
(May-September) to 315 mm in the rainy season (Oc-
tober-April). In the rainy season the wind intensity ran-
ges from 1.6 to 2.0 m-s™ and reaches up to 3.0 m-s™ in
the dry season, with the preferential wind direction from
the southeast. The air temperature in the rainy season
ranges from 25°C to 26.5°C dropping to 21°C in June as
the dry season starts. The relative humidity has a pattern
similar to that of the air temperature, but with a small shift
in the minimum value towards September (47%). More-
over, during the rainy season the humidity can reach 80%.
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Figure 1. Localization of Itumbiara hydroelectric reservoir in Brazil’s central area. Shows the location of the meteorological

station and the SIMA buoy.

These hydro-meteorological patterns and the opera-
tional routine for energy generation drive the water level
fluctuations in the reservoir (Figure 2). The water level
rising period starts in December and extends until May
(with a mean period water change of = 0.031 m-day™);
from May to June the water level is high (with a mean
period water change of 0.006 m-day™). Due to the use of
water for power generation and evaporation rates, the
water level recedes until November (with a mean period
water change of 0.032 m-day™). From November, the
water reaches the low level condition until December
(with a mean period water change of 0.023 m-day ™).

2.2. Hydrometeorological Data

The daily mean air temperature (°C), relative humidity
(%), wind intensity (m-s™) and precipitation (mm) from
2003 to 2008 were used for the study. These data were
obtained from a meteorological station near the dam. The
daily mean of each variable was converted into monthly
means to convert for consistency with the time scale of the
satellite data.

2.3. Buoy Data

The water temperature at four depths (5, 12, 20 and 40 m)
and shortwave radiation was collected by a moored buoy
called SIMA (Integrated System for Environmental
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Monitoring [11] every hour from 28th March 2009 to
28th February 2010.

SIMA consists of an anchored buoy and its electronics
which is instrumented with a suite of meteorological and
water quality sensors (see Figure 1 for position of
SIMA). The SIMA data are collected in preprogrammed
time intervals (1 hour) and are transmitted via satellite
link in quasi-real time to any user in a range of 2500 km
from the acquisition point.

2.4. Satellite Data

MODIS (Moderate Resolution Imaging Spectroradiome-
ter) water surface temperature (WST) level 2, 1 km
nominal resolution data (MOD11L2, version 5) were
obtained from the National Aeronautics and Space Ad-
ministration Land Processes Distributed Active Archive
Center [12,13]. All available clear-sky MODIS Terra
imagery between 2003 and 2008 were selected by visual
inspection, resulting in a total of 786 daytime images and
473 nighttime images (Figure 3).

A shoreline mask to isolate land from water was built
using the TM-Landsat-5 image in order to isolate any
anomalously cold or warm pixels remaining near the
shoreline of the reservoir. The WST-MODIS data were
extensively validated for inland waters and were consid-
ered accurate [3-5].
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Figure 2. Climate patterns of Itumbiara reservoir: average (2003-2008) monthly mean of (a) precipitation (mm-month™) and
wind intensity (m-s™), (b) air temperature (°C) and humidity (%).
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Figure 3. Information about the MODIS thermal infrared images: (a) Hour of passage; (b) Number of satellite imagery
available for daytime; (c) Nighttime.

2.5. Estimating the Heat Balance

A study of the energy exchange between the lake and
atmosphere is essential for understanding the aquatic
system behavior and its response to possible changes of

Copyright © 2012 SciRes.

enviro
water
fluxes

nmental and climatic conditions. In aquatic fresh-
systems, such as lakes and reservoirs, the heat
are controlled by water surface and atmosphere

interactions and are largely affected by the stability of the
atmospheric boundary layer (ABL) [14,15]. The wind
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intensity, temperature and humidity gradient between
water surface and air, short and longwave incoming ra-
diation and air pressure are the main environmental
variables related with the heat exchanges. The heat budget
in water surface, ®,, (W-m™), can be summarized as
[16]:

D :chw (1_asw)+q)lw _q)rw_che_(Dle (1)

where, @, is the shortwave incoming radiation that
reach the water surface (W-m™), «, is the water al-
bedo for shortwave radiation, @, is the longwave ra-
diation that reach the water surface (W-m™), @, is the
longwave radiation emitted by the water surface (W-m™),
@, is the sensible heat flux (W-m™) and @, is the
latent heat flux (W-m™).

The shortwave incoming radiation can be measured
directly by radiometer or spectroradiometer and is con-
sider a penetrative term since this sort of radiation can
penetrate in the water column following the Beer-Lam-
bert Law [16]. All the other terms of heat budget are
considered non penetrative and generally are estimated
indirectly (see Equations (2)-(5)) [15,16]:

tot

®,, =(1-a, )(1+0.17C*)£,0T; @)
where, «,, is the water albedo for longwave radiation, C
is the cloud cover (fraction), ¢, is the air emissivity
(dimensionless), o is the Stefan-Boltzmann Constant
(5.699 x 10 W-m2K ™ and T, is the air temperature
(C).

o, =¢&,0T,

©)

where, ¢, is the water emissivity (dimensionless) and
T, is the water surface temperature (°C).
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where p, is the air density (kg-m™), U,, is wind speed
at 10 meters above the water surface (m-s™), C, is spe-
cific heat of air (1003 J-kg™-K™), L, is latent heat of
vaporization (J-kg™), e, is vapor pressure (mbar), e, is
saturated vapor pressure at T, (mbar), p is the atmos-
pheric pressure (mbar) and C,, and C_ are the bulk
coefficients for sensible and latent heat transfer respec-
tively (dimensionless).

Due to the complexity of these fluxes and the limita-
tions of the atmospheric data available for the area of
study, some constraints were imposed. The air tempera-
ture (T,) and wind intensity (\V'|) were considered the
same for the whole reservoir because only one meteoro-
logical station was available. Other constraint is that this
heat flux balance is due two periods of a day, that is,
daytime (10:30 h) and nighttime (23:30 h).

®,, = p,U,L,Ce (e, —6,)0.622p™

3. Results and Discussion

The estimated annual cycle of heat fluxes is shown in
Figure 4. It gives the spatially-averaged monthly mean
of reservoir using meteorological and satellite time series
data of the six years (from 2003 to 2008).

The incoming shortwave radiation is the term with
largest contribution to the heat balance. To obtain the
relative error of our estimated shortwave radiation we
used the measured (Novalynx sensor, accuracy +5%)
shortwave by SIMA buoy covering the period from 1%
March 2009 to 28™ February 2010 (Figure 4(a)).
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Figure 4. Energy budget components for (a) Daytime (10:30 h) and (b) Nighttime (23:30 h). SW is the shortwave radiation.
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The RMSE in shortwave radiation showed here affects
mainly the surface heat flux balance (®,, , because the
longwave radiation and the sensible heat flux are mainly
driven by the difference between air and water tempera-
ture, and the latent flux by wind intensity. Based on this
the expected error in @, is on average 10% higher
than was observed (Figure 4(a)).

The measured shortwave radiation by a radiometer
mounted in a buoy in the sea presents also an error from
6.4 to 11.3 Wm™ (if the mast is in the vertical or tilted
15°, respectively).

3.1. Latent Heat Flux

The latent heat flux was positive, corresponding to a heat
gain in all months during daytime and nighttime. The
nighttime computation was set at 23:30 h, and at this
time, the water surface did not lose all the heat gained
during daytime. From January to June (summer to au-
tumn), the latent flux was near zero for both daytime and
nighttime. From August to October (winter to spring),
the latent flux during daytime was more pronounced than
that of nighttime because of the high temperature ampli-
tude.

This amplitude occurs because of the formation of fog
just above the surface, which warms the water by pre-
cipitating into it, as observed in Figure 4(a) (mainly at
the beginning of the rainy season in September). The
positive latent flux generally occurs when the atmos-
phere above the water is stable, with little turbulent mix-
ing in the atmospheric boundary layer [17]. From No-
vember to December, the latent flux decreases again, and
the cycle recommences.

3.2. Sensible Heat Flux

A negative sensible heat flux occurs when the surface
loses heat by convective and advective processes and is
positive when the surface gains heat. For daytime, the
sensible heat flux was only negative in January (summer),
indicating that the water surface was colder than in De-
cember and February. It was positive for the others
months (see Figure 4(a)). A typical case of a heat gain in
the sensible flux occurred in October (spring), when this
variable reached its highest value (15.01 W-m™) and
when the water surface temperature reached its highest
value. For nighttime, the sensible flux was negative for
all months of the year with a peak in September (-20.37
W-m) which can be related to advection caused by by
relatively high wind intensity (3.1 m-s™). The lowest flux
occurred in February (-0.14 W-m™), when the wind in-
tensity was two times lower than in September (1.7
m-s™). This pattern of sensible heat distribution over
time was also observed by [18] in a reservoir in Spain.

Copyright © 2012 SciRes.

3.3. Net Longwave Radiation

The net longwave radiation as computed by equation 3
expresses the net balance between outgoing long-wave
radiation from the lake and incoming long-wave radia-
tion from the atmosphere. Positive values indicate a loss
of energy by the reservoir. The more contrast there is
between the water and air temperature, the larger the flux
is. Net longwave radiation consists of a loss of energy
throughout the year at daytime and nighttime. Losses are
greater during daytime because the difference between
the lake and atmosphere temperatures decreases. Their
seasonal patterns differ slightly.

Daytime longwave radiation increases from March to
August with a maximum value of 110 W-m™ and de-
creases until January with a minimum value of about 50
W-m~. Nighttime longwave radiation increases from
March until June with a maximum value of about 74
W-m and decreases until October with a value of about
48 W-m™. It then increases again slightly in November
and December and diminishes in January, reaching simi-
lar values as those in October.

The contrast between daytime and nighttime values is
at its greatest in September (53 W-m™) and at its lowest
in January (3 W-m™). During daytime, long-wave values
are higher from May (95.94 W-m™) to September
(106.36 W-m™) than from January (51.28 W-m™) to
April (78.56 W-m™) and October (96.12 W-m™) to De-
cember (84.14 W-m™). The period of high flux of long-
wave radiation occurs during autumn-winter in the dry
season, that is, when the cloud cover is very low. The
lowest values occur in the rainy season with high cloud
cover (spring-summer).

3.4. Net Flux

The net heat flux during nighttime always corresponded
to a loss of energy from the lake (negative values) be-
cause the short wave radiation stopped. The daytime flux
is always positive, corresponding to a source of energy.
This is because loss terms (back longwave radiation,
sensible heat flux and latent heat flux) do not counter-
balance the source terms (shortwave and atmospheric
longwave radiation).

The daytime net radiation and heat flux followed a
nearly similar seasonal pattern as the shortwave radiation.
It had a maximum around 300 W-m during January. It
steadily decreased until June, with a value of about 60
W-m=. It remained with low values (less than 100
W-m™) until August and then increased steadily until
December. The nighttime net heat and radiation flux also
followed a seasonal pattern, with absolute maximum
values occurring from June until August and lowest ab-
solute values during summer. The daytime heat flux was
always that of nighttime, except in June and July. The
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balance between daytime and nighttime followed a sea-
sonal pattern with higher positive values during summer,
steadily decreasing during autumn until reaching nega-
tive values in winter. It then increases steadily again
(Figure 4). This seasonal pattern conforms to the water
surface temperature variation along the year.

When we proceed with a balance between the daytime
heat budget (Figure 4(a)) and nighttime heat budget
(Figure 4(b)), we have the effective (diurnal) heat budg-
et (Figure 5). The effective heat budget shows that dur-
ing the rainy season the reservoir gains heat, and it loses
heat during dry season. This pattern is due to the incom-
ing shortwave radiation (see Figure 4(a)), which, during
the day, adds heat to the water column and at night loses
heat due to convective cooling.

For January, February and April the northwest section
of the reservoir gains more heat than the southeast sec-
tion. This is because the dominant wind direction is from
southeast to northwest as the wind drives the warm
masses into the littoral zone by advection. For March, the
southwest heats more than the northeast. During May,
the greatest area of the reservoir loses heat, and only a
small area in the main body of the reservoir gains heat.
From June to July, heat loss dominates the whole reser-
voir, and the northwest losses are lower than the south-
east losses. From August to December, the reservoir
heats from the littoral zone to the center of the reservoir;
but in October, it presents the greatest heat gradient be-
tween the littoral zone and the center of the reservoir.

3.5. The Water Column Response

The primary effect of the surface heat balance pattern is

E. ALCANTARA

perceptible in the thermal structure of the water column.
The Figure 6 shows that during the months when the
heat balance are positive (heat gain) the water columns
stratify; and when the heat balance are negative the water
column exhibits mixing. The main effect of this differen-
tial heat and cooling of the water in the reservoir is on
the water quality. Iron and manganese, due to circulation
and mixing, can be released after a period of reducing
conditions in the bottom, promoted by the stratification,
resulting in increased costs of water treatment for drink-
ing purposes [19].
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Figure 5. Spatially surface heat flux balance (W-m) over
the Itumbiara reservoir.
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Also during the mixing period the events of upwelling
events can occur, bringing nutrient-rich waters to the
surface. If prolonged, the upwelling events could induce
the growth of algae in tropical reservoirs in Brazil.

3.6. The Effect of Cold Front Passage during Dry
Season

From Figure 6 is clear that during the low shortwave
radiation, low air temperature the water can mix. How-
ever, the cold front passage over the reservoir can in-
crease the possibility to occur the overturn events.

In a research conducted to check the side effects of
cold fronts passage in the Itumbiara reservoir, the authors
[10] had showed that during this meteorological event
the water can losses from 81.57 to 569 cal-cm™ in first
six days after the passage. This heat content modification
due to the cold front will reflect in the water column
temperature and stability (Figure 7(a)). Before the pas-
sage of the front the water column presented a little tem-
perature difference between the epilimnion and metalim-
nion; with the passage of the cold front the water tem-
perature of the top-most layer decrease and the difference
of temperature in the water column decreases also.

To indicate the degree of stability and mixing in the
reservoir, due to the passage of cold front, the Ly was
used [15]. The Ly characterizes the dynamic stability of a
lake and is a ration of moments about the center of lake
volume of the wind force at the surface of the lake and
the gravity restoring force to the stratification.

gsl ( - ZT)
L=/ (6)

Z il
u A% 1--2
, [ g

where g is gravity, p is the density of water, z; isthe
height to the center of the metalimnion, z, is the height
to the center of volume of the lake, A is lake area, H
is the depth of the lake, u. is the friction velocity in
water and S, (gem™cm™) is an estimate of the stability
of the reservoir calculated as [20]:

Slzj.:m(Z—Zg)A(Z)p(Z)dZ )
where z, can be obtained as:
" 7A(2)dz
bds| ZJ‘OM# (8)
j A(z)dz
0

The analysis of Lake Number (Ly) are show in Figure
7(b). When Ly > 1 there is no deep upwelling and when
Ly < 1 the cold deep, often nutrient rich, water from the
hypolimnion will reach the surface layer during the wind
episode [21].

Copyright © 2012 SciRes.

27.5
27 o
3
= H]
265 ©
E g
£ £
% 26 o
[a] 3
125.5 9

25

(a) 24.5

[
o

Cold Tronf passage

Lake Number (dimensionless)
<] &

L]

b) | AV N !

310572009 01062008 020062003 03/06/20098 0406/2008 05/06/2008 0B/DE2009
230000 230000 2300000 2300:00 2300000 2300000 230000
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For Ly as high as 60, little turbulent mixing is ex-
pected in the hypolimnion [22]. In this case all Ly > 1
occurred during the daytime when the incident shortwave
radiation is present, but after the passage of the cold front
the values of Ly increase during the heating phase. Often
Ly < 1 occurred during the nighttimes, the unique excep-
tion is the day during the cold passage with Ly less than
1.

After the passage of the front the water from hypo- li-
minion progressively cooler and the mixed layer goes up
to the top layer. The fact of the Ly increases after the
front passage during the daytime could be explained by
the fact that during the cold front passage the water
losses energy to the atmosphere and when the cold front
dissipate the incident shortwave radiation heats the sur-
face creating the condition enhancing the stability of the
water column.

4. Conclusions

The use of satellite data to estimate the heat balance is
useful and facilitates more accurate analysis of the phys-
ical processes in the whole surface water. With these
results it is important to consider the predictive capacity
of the combined use of satellite, meteorological and in
situ temperature data to study the interactions between
the surface water and the surrounding atmosphere.
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The passage of cold front over a region decreases the
atmospheric pressure and air temperature, enhancing the
relative humidity. With the formation of cloud cover the
longwave radiation increase and transfer heat by turbu-
lent convection to the water surface. The sensible flux
presents a small variability but an increase occurs due to
a convective turbulence caused by front passage; in other
hand the latent flux decrease but insufficiently to cause a
condensation, just the evaporation decreases. The up-
welling events are the responsible to maintain the loss of
heat after the cold front passage.

There is a high dependency of water column stability
to the climate and increase the knowledge about atmos-
pheric events in these systems can help in the water re-
sources management.
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