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Abstract

The passage of meteorological systems such as cold fronts or convergence zones over
reservoirs can cause significant modifications in several aquatic variables. Cold fronts
coming from higher latitudes and reaching the Southeastern Brazilian territory modify
the mean wind field and have important impact over physical, chemical and biologi-
cal processes that act in the hydroelectric reservoirs. The mean period of cold front
passages along the Southeastern Brazilian coast is 6 days during the winter and be-
tween 11 and 14 days in the summer. Most of these fronts also affect the hinterland
of Sao Paulo, Minas Gerais and Goias states. The objective of this work is to ana-
lyze the influence of cold front passages in the thermal stratification and water quality
of the ltumbiara hydroelectric reservoir which is located in Minas Gerais and Goias.
The characterization of cold front passages over the study area was done through the
analysis of GOES satellite images. The analyzed data set includes time series of me-
teorological (wind direction and intensity, short-wave radiation, air temperature, relative
humidity, atmospheric pressure) and water temperature in four depths (5, 12, 20 and
40m). The data set was acquired in the interior of the reservoir by an autonomous
anchored buoy system at a sampling rate of 1h. The stratification was assessed by
non-dimensional parameter analysis. The lake number an indicator of the degree of
stability and mixing in the reservoir was used in this analysis. We will show that during
the cold front all atmospheric parameters respond and this response are transferred
immediately to the water surface. The main effect is observed in the water column,
when the heat loss in the surface allows the upwelling events caused by convective
cooling due to the erosion of thermal stratification.

1 Introduction

Aquatic systems continually respond to atmospheric conditions (hydro-metrological
processes) that span a broad space and time spectrum of scales. The primary mod-
ulation of the water temperature at a given location is given by the seasonal cycle
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of the incoming shortwave solar radiation. Superimposed on the seasonal cycle of
temperature are shorter-term, irregular variations that occur in response to macro and
meso-scale atmospheric disturbances such as cold fronts.

Cold fronts that affect the Brazilian territory normally form in the southern part of the
South American continent. Depending on their strength, some of these systems can
progress northward to low latitudes, influencing great part of the country. The passage
of fronts is normally associated to a drop of surface air temperature and pressure which
are simultaneously accompanied by wind intensification. During the winter months cold
fronts can reach the Southeast Brazilian coast each six days and during the summer
between eleven and fourteen days in average (Stech and Lorenzzetti, 1992). Most of
these fronts reach the hinterlands of Sao Paulo, Minas Gerais and Goias states.

Strong modification in physical, chemical and biological processes of hydroelectric
reservoirs have been observed associated to the passage of frontal systems (Tundisi
et al., 2004). The response of water bodies to meteorological conditions can be first re-
vealed by their vertical thermal structure (Ambrosetti and Barbanti, 2001). The precise
knowledge of reservoir physical dynamics results of paramount relevance for hydrobio-
logical and water quality studies as physical control of the biotic structure in reservoirs
is even more important than in natural lakes (Uhlmann, 1998). Water temperature and
heat dynamics have significant influence on the water quality and ecology of lakes and
reservoirs (Wetzel, 1983).

A few studies about the thermodynamics of water systems in Brazil were made such
as Tundisi (1984), Henry and Barbosa (1989), Henry (1993). Tundisi et al. (2004)
had explored the influence of cold fronts passage in the water quality in reservoirs
and describes that most important finds of the cold front passage over a Brazilian
hydroelectric reservoir is the release of iron and manganese due to the possibility to
increase costs of the drink water treatment. However the authors don’t shown and
explain the impacts of the cold front passage in the heat exchange between water
surface and the atmosphere and their implications to the thermal structure.
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Based on this the objective of this paper is to show the influence of the passage
of cold fronts in the thermal stratification cycle of a tropical hydroelectric reservoir in
Brazil.

2 Material and methods

2.1 Study area

The ltumbiara hydroelectric reservoir (18°25'S, 49°06' W) is located in a region
stretched between Minas Gerais and Goias States (Central Brazil) that was originally
covered by tropical grassland savanna. The basin’s geomorphology resulted in a lake
with a dendritic pattern covering an area of approximately 814 km? and a volume of
17.03 billion m®.

The climate in the region is characterized by an average precipitation ranging from
2.0mm in the dry season (May—September) to 315 mm in the rainy season (October—
April). In the rainy season the wind intensity ranges from 1.6 to 2.0 m s~ and reaches
upto3.0m s 'inthe dry season (Fig. 2a); the preferential wind direction is from south-
east to northwest. The air temperature in the rainy season ranges from 25 to 26.5°C
and breaks down 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%). Moreover, during the rainy season the humidity can
reach 80% (see Fig. 2b).

These hydro-meteorological patterns and the operational routine for energy gener-
ation drive the water level fluctuations in the reservoir (Fig. 3). The water level rising
period starts in December and extends until May (with a mean period water change
of ‘3—?:0.031 mday'1); from May to June the water level is high (with a mean period

water change of 0.006 m day‘1). 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 0.032mday‘1). From November, the water reaches the low level condition
until December (with a mean period water change of 0.023 m day'1).
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2.2 Satellite data

The identification of the cold front passage over the Iltumbiara reservoir was made
using information of the Brazilian Centre for Weather Forecasting and Climate Studies
— CPTECI/INPE, a specialized centre of climate analysis. The “CPTEC/INPE” provides
for South America the track of cold front passage and then published online (http:
/[climanalise.cptec.inpe.br/~rclimanl/boletim/). After the identification of the possibility
of the front passage near or over the reservoir, the next step was to verify the extension
of this cold front using satellite data.

The data of GOES-10 (Geostationary Operational Environmental Satellite) from 31
May to 6 June 2009 (from 151 to 157 in Julian day calendar) was used to capture
the track of cold front pass over the ltumbiara reservoir. Using the satellite GOES
data is possible to see the extension and the hour of the cold front passage over the
reservoir. The Fig. 4 shows the evolution of the cold front passage over the reservoir
and identifies the maximum activity of the front (Fig. 4b).

The identified period of cold front passage over the ltumbiara reservoir is positioned
in the high water level regime, as shown in Fig. 3.

2.3 Hydro-meteorological data

The meteorological (air temperature, humidity, air pressure, intensity wind and short-
wave radiation) and limnological (water temperature in 5, 12, 20 and 40 m depth) data
from 31 May to 6 June 2009 was collected by a moored buoy called SIMA (Integrated
System for Environmental Monitoring, see Stech et al., 2006; Alcantara et al. 2010) in
each 1h (Fig. 5).

The characteristics of the sensors used to limnological and meteorological parame-
ters are show in Table 1.
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2.4 Surface energy budget

A study of the energy exchange between the lake and atmosphere is essential for
understanding the aquatic system behavior and its reaction to possible changes of en-
vironmental and climatic conditions (Bonnet et al., 2000). The exchange of heat across
the water surface was computed using the methodology described by Henderson-
Sellers (1986) as:

¢N=¢s(1 _A)_((pri"'(psf"'(plf)’ (1)
where ¢, is the surface heat flux balance, @, is the incident short-wave radiation
(measured direct by SIMA buoy), A is the albedo of water (=0.07), ¢,; is the Longwave
flux, @ is the sensible heat flux and ¢y is the latent heat flux. The units used for the
termsin Eq. (1) are W m~2. These terms are defined as positive when directed into the
water.

The net longwave radiation corresponding to the outgoing flux minus the incoming
flux (LW 1] =LW1T-LW ), ¢,; is computed as given by Fung et al. (1984):

1
¢i=€0Tg (o.39 - o.oseg) (1-1C) +480T(Ts-T,), )

where £=0.97 is the thermal infrared emissivity of the water, ¢ is the Stefan-Boltzmann
constant, Ty=water surface temperature (K), 7,=surface air temperature (K), 1=0.8 is
the Reed (1977) correction factor, and e,=partial pressure of vapor (mb), which was
calculated as:

€, = resat(Ta) ; (3)

where r is the relative humidity and eg,; is the saturation vapor pressure. This was
calculated using the polynomial approximation of Lowe (1977).

The non-radiative energy term ¢,,4 accounts for the sensible heat flux and latent
heat flux. The sensible heat flux was calculated as (Large et al., 1997):

¢sf = panCH| v |(Ts _Ta) , (4)
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where ¢4 is the sensible heat flux (Wm‘2), pa=1.2kg m~2 is the air density,

c,=1.005x10°Jkg™' K™ is the specific heat capacity of air, c,;=1.1x107° is the coef-

ficient of turbulent exchange and | % |=surface wind speed (m sh.
The latent heat flux was computed as follows (Large et al., 1997):

g 0.622
by = paCELI v |[esat(Ts) - resat(Ta)] ) . (5)
a

where @yis the latent heat flux (Wm™2), cg=1.1x1072 is a coefficient of turbulent ex-
change, L=2.501><106Jkg'1 is the vaporization of latent heat and p, is the atmo-
spheric surface pressure (mb).

The energy exchange also occurs through precipitation, withdrawal of evaporated
water, chemical and biological reactions in the water body, and conversion of kinetic
to thermal energy. These energy terms are small enough to be omitted. Many re-
searchers agree that omitting energy budget components with small values does not
significantly affect the results (Bolsenga, 1975; Sturrock et al.,, 1992; Winter et al.,
2003).

2.5 Lake number-L,

To indicate the degree of stability and mixing in the reservoir, due to the passage of
cold front, the Ly was used (Imberger and Patterson, 1990).

5(1-5)
Ly = : (6)
pu, A5 (1 - Zﬁg)

where g is gravity, p is the density of water, z; is the height to the center of the met-
alimnion, Z is the height to the center of volume of the lake, A is lake area, H is the
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depth of the lake, v, is the friction velocity in water and S; (g cm™ cm_2) is an estimate
of the stability of the reservoir calculated as (Hutchinson, 1957):

zm

5= [ @-zpA@0@dz. (7)
0
where z4 can be obtained as:

L o zA(z)dz @)
g STAZ)dz
The L, characterizes the dynamic stability of a lake (Imberger and Patterson, 1990)
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. To calculate the
Ly the reservoir bathymetry are needed.

2.5.1 Bathymetric data

The bathymetry of the Itumbiara reservoir was made in two campaigns, the first from
11-15 May 2009 and second from 11-16 August 2009. The depth data was collected
using an echo-sound LMS-525 from Lowrance, with a GPS (Global Positioning System)
coupled. The depth data was treated in accordance to Merwade (2009).

2.5.2 Area and volume of the reservoir

To compute the area and volume of the reservoir the depths was separated into ten
intervals depths (from 0 to 78.5m); this was done to simplify the computation. The
change in area and volume will evaluate using the derivative analysis applied in the
water level table to accesses the rate of change (see Fig. 3) from 31 May to 6 June
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2009. The area was calculated using the GIS-based approach (ESRI, 2004) and the
volume by (Chapra, 1997):
z
V= / A(z)dz.
0

9)

where A is the area (m2) in a depth z (m).
2.6 Brunt-Vaisila frequency (N?)

Vertical water column is locally stable if a fluid parcel that is displaced isentropically
from its initial position by an infinitesimal vertical distance (dz) always experiences
a restoring force. This localized displacement will be measured using the Brunt-Vaisala
or buoyancy frequency, as (Pond and Pickard, 1983):

g\ op
Ne=-(Z)=E
(0)02’

where g is gravity, p is the water density and z is depth. The water column is locally
stable if N2>0, unstable if N2<0, and neutrally stable if N2=0 (Peeters et al., 1996).
The water density (o, kg m'3) was estimated as a function of water temperature (7)
using the following equation (Ford, 1990):
0 =999.8452594 +6.793952 x 1072T, —9.095290 x 107372+ 1.001685 x 107472
-1.120083 x 10767 +6.536332x 107972 .

(10)

(11)

3 Results and discussion

3.1 Bathymetric map

The result of the depth surveys shows that the reservoir presents the highest depths in
the line of flooded river with depths higher than 78 m during the high water level; with
9445

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

HESSD
7, 94379465, 2010

On the water thermal
response to the
passage of cold

fronts

E. H. Alcantara et al.

: “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/9437/2010/hessd-7-9437-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/9437/2010/hessd-7-9437-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

a littoral zone with depth less than 2m. Other deeper region is near the Dam where
the depth reaches 70 m (Fig. 6).

3.2 Meteorological and limnological data

The Fig. 7 shows the meteorological and limnological parameters used in this study.
It is clear that during the passage of cold front the atmospheric pressure and the air
temperature decrease; in the other hand the wind shows a little increase and also the
relative humidity. The water surface temperature decreases after the passage of the
cold front.

3.3 Heat flux budget

This pattern observed before, during and after the passage of cold front is reflected
in each component of the heat flux balance (Fig. 8). During the passage of the cold
front the intensity of the shortwave radiation decreases. The shortwave radiation pre-
sented a variable peaks in this day, represented by the perturbation in the atmospheric
boundary-layer; than during 1 June 2009 the shortwave radiation was reduced from
680 Wm 2 to 280 Wm™2.

The sensible flux tends to be higher during and after the cold front passage if com-
pared the period before the passage. The latent flux during the passage of the cold
front tends to decrease, but after the passage the latent flux tents to increase again.
The heat balance before the passage of cold front is positive when shortwave act in the
systems; however during the passage the balance is negative and tends to normalize
with the dissipation of the front.

This was reflected in the air temperature decrease and the increase of humidity in the
reservoir (Fig. 7). The enhancement of the sensible heat flux is due to the convection
caused by decrease in the atmospheric stability. The sensible flux is proportional to the
temperature difference between the water surface and the overlying atmosphere and
also dependent on intensity of turbulent mixing.
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In the other hand the latent flux tends to be smaller before the cold passage and
higher after the passage. The turbulent exchanges of heat and water vapor over an
open water surface are affected by many environmental factors. It is well known that
evaporation rates over a water surface depend largely on vapor pressure deficits be-
tween water surfaces and the overlying atmosphere as well as on intensity of turbulent
mixing (Henderson-Sellers, 1986). The air is always at its saturation at the interface
between the water and the overlying air, and the saturation pressure in this interface is
a function of water surface temperature (Hostetler and Bartlein, 1990).

The increasing in the longwave radiation after the passage of the cold front is due
to the cloud cover formation. During cloud days the atmospheric longwave radiation
is often the greatest source of heat at the water surface (Henderson-Sellers, 1986).
Probably the observed increase in the latent heat flux could be linked with the back
heat into the water by the longwave radiation.

The alterations in meteorological and heat flux data will be reflected in the heat
content stored in the reservoir. The heat content (¢, cal) for given water volume stored
in the reservoir can be calculated using the formulation given by Chapra and Reckhow
(1983):

c=tpCV (12)

where t is the water temperature (°C), o is the water density (g cm'3), C is the specific
heat of water (calg™' °C™"), and V the water volume (cm®).

To transform the water temperature into heat (¢y, cal) it has been assumed that the
volume of a gram of water is 1 ml, and that the specific heat of the water is 1 cal g‘1 °c!
(Wetzel and Likens, 2000):

Zmax

CH= z Z‘zAzhz (13)
Zy
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where ¢, the average temperature of the water of a unity in layer A, (cm), and A, is the
average surface of the layer z (cm2). Heat content results were linearly interpolated to
daily values.

The Fig. 9 shows the heat content evolution. In the first day before the passage the
reservoir losses 81.57 calcm™2 of the heat content; at the end of six days before the
front passage the reservoir losses 569 cal cm™2.

Note that the progressively loss of energy from water to the atmosphere is associ-
ated in the first instance to the cold front passage; but when the cold front dissipate the
shortwave radiation reach again their pattern value ~700 W m~2. In this case the sink-
ing of heat is the upwelling caused by convective cooling due to the erosion of thermal
stratification.

The other parameter that could be taken in consideration is the persistence of the
wind action on the water surface. The autocorrelation analysis is a way of measuring
linear dependence between observations of a time series (Box et al., 1994), and is
suitable to measure the persistence of wind (Kogak, 2008).

The autocorrelation function applied to the wind data shows that the persistence is
less than four hours (Fig. 10). This result reveals that during the passage of the cold
front over the ltumbiara reservoir, the wind blows over the surface area almost for 4 h
and then the wind become intermittent.

The combined effect of wind persistence, decrease of the air temperature and short-
wave radiation, causes an increase of latent flux (due to the difference between the
air and water temperature) and sensible (due to the atmospheric instability) was the
primary physical disturbance capable to decrease the upper most layer of the water
column and then by convection transfer the cooling water for the subsequent layers.

3.4 Lake number analysis

This heat content modification due to the cold front will reflect in the water column

temperature and stability (Fig. 11a). Before the passage of the front the water column

presented a little temperature difference between the epilimnion and metalimnion; with
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the passage of the cold front the water temperature of the top-most layer decrease and
the difference of temperature in the water column decreases also.

The analysis of lake number (L)) are show in Fig. 11b. When L, >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 (Antenucci and Imberger, 2003).
For Ly as high as 60, little turbulent mixing is expected in the hypolimnion (Hondzo
and Stefan, 1996). In this case all L,,>1 occurred during the daytime when the incident
shortwave radiation is present, but after the passage of the cold front the values of L,
increase during the heating phase. Often Ly <1 occurred during the nighttimes, the
unique exception is the day during the cold passage with L, less than 1.

After the passage of the front the water from hypoliminion progressively cooler and
the mixed layer goes up to the top layer. The fact of the L, 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 surface creating the condition enhancing the
stability of the water column. The local stability of the water column was estimated
using the Brunt-Vaisala frequency, as follows.

3.5 Brunt-Vaisala frequency

The Brunt-Vaisala shows (Fig. 12) that before the cold front passage the stratification
was stable (N2>0) during the daytime and less stable during night. During the cold
front passage the stability of the stratification was destroyed and the system mixing
(N2=0). After the cold passage the system back to stable stratification during day and
vertical mixing during night.

The Brunt-Vaisala shows that the turbulent layer is about 20m (N2=0). In very few
cases the turbulent depths reaches 40 m; when this occur the water column overturn.
This complete vertical mixing at the metalimnion level erodes the imposed barrier im-
posed by the stratification (more commonly during daytime before the cold front) and
facilitates the availability of nutrient-rich hypolimnetic waters increasing the primary
production (Ostrovsky et al., 1996).
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4 Conclusions

This works shows the influence of cold front passage over a tropical hydroelectric reser-
voir in the meteorological, near-surface heat flux and consequently in the thermal struc-
ture of the water column.

The time series of meteorological and limnological variables provided a good view of
the importance of meteorological systems to the stratification/mixing process in tropical
reservoirs such as those studied. 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 tur-
bulent 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 upwelling events are the responsible to maintain the loss
of heat after the cold front passage.
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Limnological S
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Fig. 1. ltumbiara reservoir location in Brazil (a), between Minas Gerais and Goias States (b)
and the topography (m) near the reservoir and the location of the moored buoy (c).
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Fig. 4. GOES-10 satellite image (visible: 0.52—0.72 pm) showed the evolution of the cold front
passage over the reservoir: (a) 1 June 2009 at 05:15 h, (b) 1 June 2009 at 06:15h, (¢) 1 June
2009 at 07:00h, (d) 1 June 2009 at 08:00h, (e) 1 June 2009 at 09:45h (f) 1 June 2009 at
13:00 h. The arrows indicate the location of the reservoir.
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Fig. 5. Photo of SIMA installed at ltumbiara reservoir (see Fig. 1 for location).
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Fig. 6. Bathymetric map of the ltumbiara reservoir.
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Fig. 9. Heat content (cal cm2dia™") stored in the Itumbiara reservoir during the passage of the

cold front.
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Fig. 12. Water column stability from Brunt-Vaisala frequency (cycles per hour).
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