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Abstract. We investigated the influence of wintertime cold 1 Introduction

front activity on the physical processes within a large trop-

ical reservoir located in Brazil. The period chosen for this Physical processes that occur within reservoirs, such as mix-
study consisted of 49 days between 28 April 2010 and 15ng and differential cooling, are mainly controlled by mo-
July 2010. This period was defined based on informationmentum and energy exchanges with the atmosphere, inflow-
from the Brazilian Center for Weather Forecasting and Cli-ing rivers and offtake discharges (Imberger, 1985; Imberger
mate Studies (CPTEC), data collected in situ and the interand Patterson, 1989). Mixing of the water column is related
pretation of remotely sensed images. To better understantp important biogeochemical processes that occur inside the
the governing processes that drive changes in the heat bafeservoirs, influencing the carbon cycle (Eugster et al., 2003),
ance, differential cooling and mixing dynamics, a simulation nutrient fluxes (Macintyre et al., 1999) and the phytoplank-
was performed that utilized a three-dimensional hydrody-ton distribution (Serra et al., 2007; Curtarelli et al., 2014)
namic model enforced with in situ and remote sensing dataAlthough several studies describe the physical dynamics and
The results showed that during a cold front passage over th&nain driving forces in lakes and reservoirs (Imberger and
reservoir, the sensible and latent heat fluxes were enhancegatterson, 1989; Macintyre et al., 2002; Wuest and Lorke,
by approximately 77 and 16 %, respectively. The reservoir's2003), few studies have addressed this issue for tropical
daily averaged heat loss was up to 167 % higher on the day§outh America reservoirs, which are subject to local weather
with cold front activity than on the days without activity. The conditions that vary throughout the year and frequent meteo-
cold front passage also intensified the differential coolingrological disturbances, such as cold front incursions.
process; in some cases the difference between the water tem- Cold front incursions are one of the most recurrent syn-
perature of the littoral and pelagic zones reached up’@.8  optic patterns over South America; they greatly affect at-
The occurrence of cold front passages impacted the diurnanospheric circulation, precipitation and temperature regimes
mixed |ayer (DML), by increasing the turbulent energy input (Garreaud, 2000) These events occur year-round and reach
(~54 %) and the DML depth~¢ 41 %). Our results indicate the Brazilian territory every 1-2 weeks; however, they
that the cold front events are one of the main meteorologi-2re more frequent during the austral winter (Stech and
cal disturbances driving the physical processes within hydrolorenzzetti, 1992). Winter cold fronts are also more se-
electric reservoirs located in tropical South America duringVvere and can cause freezing temperatures in southern and

the wintertime. Hence, cold front activity over these aquaticSoutheastern Brazil (Marengo et al., 2002). The majority of
Systems has several impiications for water qua|ity and reserthese fronts reach the hinterlands of Sao Paulo, Minas Gerais

voir management in Brazil. and Goias where many reservoirs are located; most of these
reservoirs are used for generating energy.
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A preliminary investigation performed by Alcantara et s wew s wsrw  wsew wary
al. (2010a) in the Itumbiara Hydroelectric Reservoir (IHR),
which is located in central Brazil, showed that during a single .
cold front passage, the reservoir heat loss tends to increas: |&=
in response to the changing weather conditions. This study
also demonstrated that the cold front passage contributed tc: |
water column destabilization and promoted vertical mixing. *
Nevertheless, this study was limited because it was based ol
punctual measurements via a monitoring buoy located neai: | .
the dam. Thus, the estimates of the heat fluxes obtained by ‘ - Sectionsy 4 | Tesend et
Alcantara et al. (2010a) may not be representative of the en- ¢ j o "
tire lake and likely vary spatially with limnological (e.g., |
warmer nearshore water temperatures) and meteorologicar
conditions over such a large reservoir. In addition, the sensigjgyre 1. Location of the Itumbiara Reservoir in central Brazil
ble and latent heat fluxes were estimated without consideringa) and its detailed boundaries and bathymehiy
the stability of the atmospheric boundary layer (ABL), which
is persistently unstable over tropical reservoirs (Verburg and
Antenucci, 2010) and leads to underestimated heat fluxes. |ake with a dendritic pattern covering an area of approxi-

Three-dimensional (3-D) models are complementary andmately 778 kmd and a volume of 17.03 billion A(Fig. 1b).
efficient approaches that have been widely used for underthe reservoir's surface is located 520m above sea level
standing physical and biological processes in lakes and rese{m a.s.l). The major axis is 30 km long, and the maximum
voirs (Bonnet and Wessen, 2001; Hodges et al., 2002; Vidalvidth is approximately 15km. The reservoir depth ranges
etal., 2007; Rueda and Maclintyre, 2009; Okely et al., 2010) from 0.5 to 78 m, with a mean depth of 32m.

One of the main advantages of 3-D models is the possibility According to the Képpen—Geiger classification system
to simulate real and hypothetical scenarios, as well as thgpeel et al., 2007), the climate in the Itumbiara Reservoir re-
ability to simulate various processes simultaneously. Congjion is classified as “tropical savanna” with two well-defined
versely, one of the major disadvantages of this approach igeasons: dry (May—October) and wet (December—April). The
the large amount of input data and parameters needed, whickonthly precipitation ranges from 5mm in the peak of the
often limits its use. dry season (winter in the Southern Hemisphere) to 250 mm

In this study, we investigated the effects of winter cold in the peak of the wet season (summer in the Southern Hemi-
front passages on the heat balance, differential cooling andphere). The average air temperature is higher during the wet
DML (diurnal mixed layer) dynamics of the IHR. To com- season (24-28C) and decreases during the dry season; the
plement the findings of Alcantara et al. (2010a), which weretemperature can be lower thanZDin July. The relative hu-
based on single-point measurements, we used a 3-D hydranidity displays a pattern similar to that of the air temperature
dynamic model to simulate the physical response of the IHRput with a small shift in the minimum value toward Septem-
under actual winter cold front conditions. We used in situ per (47 %). The mean wind intensity is lower during the wet
and remote-sensing-derived measurements (i.e., cloud covegteason (1.6 m<) than during the dry season (3.3 ms. On
rainfall rate and inflow water temperature) as input data inthverage' 11 cold fronts pass over the reservoir annua”y; ap-
the model. Due to the persistent unstable conditions oveproximately 75 % of the occurrences are during the dry sea-
tropical lakes and reservoirs (Verburg and Antenucci, 2010)son (Curtarelli, 2012). May and September experience the
we considered the stability of the ABL during the simulation. highest frequencies of cold front passages, with an average
Our main goals were to identify the typical diel behavior of of two passages each. Depending on its intensity, a cold front

the heat balance components and the DML dynamics at thean remain over the ltumbiara Reservoir for up to 5 days
beginning of the austral winter and to evaluate the impacts ofCurtarelli, 2012).

cold front passages on these processes.
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3 Data and methods
2 Site description

3.1 Reservoir bathymetry
The IHR is located in the Parana River basin @2 S,
49°06 W) on the border of the Minas Gerais and Goias The bathymetry of the Itumbiara Reservoir was derived from
states, central Brazil (Fig. 1a). The reservoir was formed bydepth samples collected with an LMS-525 Lowrdhezo-
damming the Paranaiba River, which resulted in the floodingoathymeter (Tulsa, OK, USA) during two field campaigns
of its main tributaries, i.e., the Corumba River and Araguari conducted in May and August 2009. A total of 125631 depth
River. The ltumbiara regional geomorphology resulted in asamples with an accuracy &f0.1 m were collected during
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the two field campaigns. The bathymetric grid, which has a1998), while the daily precipitation rates were retrieved us-
spatial resolution of 150 150 m, was obtained by inter- ing data collected by the Tropical Rainfall Measuring Mis-
polating the depth samples using an ordinary Kriging algo-sion (TRMM) (Kummerow et al., 1998). These data are pre-
rithm (Bailey and Gretel, 1995) following the approach de- sented in more detail in the following sections.

scribed by Merwade (2009). The depth values were corrected

to the maximum level of the reservoir operation (520 ma.s.l).3.3.1  WST of river inflows

The WSTs of river inflows were retrieved using the
M*D11A1 product (Wan, 2008). The M*D11A1 is a stan-

The in situ data set included meteorological, limnological 9@rd product that is generated using a split-window algo-

and fluviometric data. The meteorological data were acquiredithm and seven spectral MODIS bands in the shortwave in-
hourly by two autonomous systems called “SIMA’ (Inte- frared and thermal infrared regions. This algorithm is based

grated System for Environmental Monitoring) that were an-©" the differential .absorption of adjaceni bands in the in-
chored within the reservoir (see the location in Fig. 1). Thefrared region (Wan; Dozier, 1996). The M*D11A1 products
SIMA (Stech et al., 2006; Alcantara et al., 2013) is a set ofhave been validated at stage 2 via a series of field campaigns
hardware and software designed for meteorological and “m_conducted between 2000 and 2007 and at additional locations
nological data acquisition and real-time monitoring of natu- 2nd time periods through radiance-based validation studies.
ral and artificial aquatic systems (Table 1). Throughout this | N€ accuracy is better than"@ (0.5°C in most cases) as
study, the SIMA located near the dam is called station S1VaS expected prelaunch. This product is generated up to four

while the station anchored near the river—reservoir transitiorMeS €ach day (i.e., 10:30, 13:30, 23:30 and 01:30LT) and
zone is called station S2. is delivered in a georeferenced grid with a 1 km spatial reso-

Water temperature data at different depths were collected!tion in alsinusoidal projection. _
by thermistor chains coupled to the SIMA. The Si-coupled 1he M*D11A1l product was acquired online and prepro-

thermistor chain collected temperature data at five depths (1€€5S€d using the MODIS Reprojection Tool. The data were
5, 12, 20 and 40 m), while the S2-coupled thermistor chainﬁrSt resampled to a 150 m spatial resolution (compatible with

collected temperature data at three depths (5, 12 and 20 mji?® Pathymetric grid). Then, they were reprojected to the Uni-

The thermistors are accurate.20°C and have a response versal Transverse Mercator (UTM) coordinate system (zone
time of 2.5s. Water temperature data were also collectect? SOuth) with the World Geodetic System (WGS-84) da-

hourly and sent via a satellite downlink to a ground stationtuMm as a (r@eference and converted to a raster image. Lastly, a
in near-real-time. MATLAB ® program was used for retrieving the WSTs at the

Time series of total inflow, outflow and water level were Mver inflows. To compute the WST of each river, we consid-

provided with daily frequency by Eletrobras-Furnas, which ered only the tempere‘ilture yalues of the pixels located in thg
is the company that oversees the IHR operation. The total in{fansect BB’ (Paranaiba River) and transect CC’ (Corumba
flow was divided between the two main tributaries (ParanaibdXVel; sé€ Fig. 1). To avoid erroneous values of WST near
and Corumba rivers) based on the outflow time series of thdD® river edges due to land contamination, we used a sub-
Corumba Reservoir, which is located in the Corumba RiverPiX€l temperature-retrieving (SPTR) approach (Setlinger et
35km upstream of the Itumbiara Reservoir, and flow data2l» 2008) to extract the WST. The WSTs of river inflows ob-
measured in small tributaries of Corumba River. The Co-t@ined using the M*D11A1 product were compared to the
rumba River inflow was considered to equal the outflow of dat& acquired by the thermistor chain coupled to the S2 sta-
the Corumba Reservoir plus the flow of its small tributaries. iN in the river—reservoir transition zone; the data sets ex-
The Paranaiba River inflow was calculated by subtracting th |l)2|ted a good correlation with the observed temperature
Corumba River inflow from the total inflow. We estimated (R* > 0.88).

that 77 % of the total inflow is attributed to the Paranaiba3 32 Cloud cover fraction

River, and 23 % is attributed to the Corumb@ River. Then, the™™"

total inflow data were distributed between the two inflows The cloud cover fraction over the IHR was retrieved using

3.2 In situ data set

using the percentages indicated above. the MODIS Level 2 Cloud Mask product (named M*D35L2)
_ (Ackerman et al., 1998). The algorithm used for generat-
3.3 Satellite data set ing this product employs a series of visible and infrared

i i . thresholds and consistency tests to obtain a confidently un-
The satellite-based data set included cloud cover fractiongycircted view of Earth’s surface. This product is gener-

the water surface temperatures (WSTs) of the rivers’ inflows;q g up to four times each day (i.e., 10:30, 13:30, 23:30 and

and the daily precipitation rates over the ltumbiara Reser{1.3q LT) and is delivered in a georeferenced grid with a
voir. The cloud cover fraction and WST of the river inflows 1, spatial resolution in a sinusoidal projection.

were retrieved using data collected by the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) (Justice et al.,
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Table 1. Technical specification of the SIMA sensors.

Sensor Manufacturer Range Accuracy Height
Air temperature Rotronic —410 60°C +0.3°C 3
Wind speed Young 0-100 nT$ +0.3ms1 3
Wind direction Young 0-360 +3° 3
Relative humidity Rotronic 0-100% +1% 3
Shortwave radiation ~ Novalynx 0-1500Wth <1Wm 2 3
Barometric pressure  Vaisala 800-1060 hPa+0.3 hPa 3

The M*D35L2 product was acquired online and prepro- The thermodynamics model considers the penetrative and
cessed using the MODIS Reprojection Tool. The data werenonpenetrative components (Hodges et al., 2000). The frac-
first resampled to a 150 m spatial resolution (compatible withtion of Qs (280 to 2800 nm) that penetrates the water body;,
the bathymetric grid). Then, the data were reprojected to thegggvo), is given by
UTM coordinate system (zone 22 south), using the WGS-84

datum as a reference, and converted to a raster image. ARSY = Oswtotal(1— 5, 1)

terward, a MATLAB® routine was used for computing the ) o o

cloud cover fraction over the reservoir. whereQsw total iS the total incident shortwave radiation over
the water surface ang" is the albedo of water for shortwave

3.3.3 Daily precipitation rate radiation. ELCOM allows the user to divide tiggy,_total iNt0

four components: photosynthetically active radiation (PAR),
The daily precipitation rate over the Itumbiara Reservoir wasnear-infrared and ultraviolet (A and B) radiation; the atten-
obtained using the TRMM 3B42 product (Huffman et al., uation through the water column follows the Beer-Lambert
2007) version 6, which provides daily accumulated precip-law:
itation rates in a georeferenced grid with a 25 km resolution.
The TRMM 3B42 product has been validated through the Qsw(z) = 05", @
ground validation (GV) program at NASA Goddard Space
Flight Center in Greenbelt, Maryland, which is responsible
for processing several TRMM science products for validating
space-based rain estimates of the TRMM satellite. The 3B4
product satisfactorily reproduces the surface observation-
ba_sed histogram of prec_ip_itat_ion a_nd reaS(_)nany detects Iarg@IW =(1— rgw))(1+ 0.17C?)e,0 T;‘ — o Ts4’ ©)
daily events. The precipitation time series over the IHR

was generated using the TRMM Online Visualization andwhereraﬂ"’”) is the water albedo for the longwave radiation,

Analysis System (TOVAS). £a IS the air emissivityg is the Stefan—Boltzmann constant

(i.e., 5.6697 10°8Wm~2,K—%), T, is the air temperature

(K), &5 is the water emissivity (i.e., 0.96), arfd is the wa-

ter surface temperature (K@sy and Qyn are estimated by

3.4.1 Model description s_tandard bulk transf_er mod_els and are para_lmeterizepl as func-
tions of meteorological variables as described by Fischer et

The Estuary and Lake Computer Model (ELCOM) (Hodges al- (1979):
et al., 2000) was used for simulating the physical response
of the IHR to the winter cold front passages. ELCOM solves Zsh = CswaCpUi0(Ta—Ts), )
unsteady, coupled, Reynolds-averaged Navier—Stokes equ?Ih - 0'622C|h,0aLEU10(€a— es) (5)
tions and scalar transport equations using hydrostatic an '
Esgs,;':]epse?a?&%r%ﬁlTgt'grn?ntg g‘ Z?aicgh:lnvoflgrig, .?f:gn;gwhere Csh is the transfer coefficient for sensible heat flux,
= . = . . . 3 - Iy .
drodynamic algorithms that are implemented in ELCOM useg ?;Scfgr?s?;;?ersggu(r?(ﬂ)gégi |slt2tils)peUC|f|E:Sr:ﬁ:tv\zt]glr
an Euler—Lagrange approach for the advection of momenturré eed (msl) gt the standard ref%rence ’heiloht of 10
adapted from Casulli and Cheng (1992), while the advectio P 9 >

of scalars is based on the ULTIMATE QUICKEST methodr‘tgreIzgrisﬁg:t”ﬁuiresissu:ﬁe(Tg)ho'f t?(—:?stsrjrnest)e]‘rt(r:](;egilfl(e;at)
proposed by Leonard (1991). fa por p '

andes is the saturation vapor pressure (PayatELCOM
does not consider the condensation effects in its formulation.

wherez is the depth below the water surface (m) apds
the shortwave attenuation coefficient(. The netQ, can
e estimated as function of the cloud cover fraction,as
ollows:

3.4 Numerical modeling of heat balance and thermal
structure
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by Imberger and Patterson (1989). In this case, the extrapolaj
tion of meteorological data collected at a given height above ¢
the water surface to the 10 m standard reference height is pe
formed following Rayner (1981).

turbulent kinetic energy (TKE) to compute the energy avail-
able from stirring and shear mechanisms for the mixing pro-
cess (Spiegel and Imberger, 1980). The energy required t
induce vertical mixing is given by the density gradient in the
water column. The wind energy available for mixirQyind,

uw*, and a mixing coefficient’, (= 1.33), as follows:

1
Ewind = EC,?uw*3 (6)

The shear energy¥sheas IS parameterized as a function of
shear.,S, and another mixing coefficient;s (= 0.15), as fol-
lows:

1
Eshear= ECSSZ- (7)

A complete description of the formulae and numerical meth- o,
ods used in ELCOM was presented by Hodges et al. (2000).  ywumbiara Reservoir

day 158.87

3.4.2 Period of simulation Figure 2. Cloudiness associated with cold front passages over the
Itumbiara Reservoir observed by GOES. False color composites

The period of 6 May 2010-15 July 2010 was chosen to sim-(R2G3B1) during the Fla-d), F2 (e-h) F3 (i), F4 (m-p) and

ulate the cold front passage effects on the heat budget and drp (a-t) passages.

the DML dynamics of the IHR. This period was chosen based

on the availability of reliable in situ and remote sensing data o .

and the occurrence of cold front passages. According to th@nd the bottom drag coefficient was set to 0.001 (Wuest and

CPTEC (Center for Weather Forecasting and Climate Stud-0"ke: 2903)' The attenuation coefficient for PAR was set

ies), five cold fronts (hereafter referred to as F1, F2, F3, F40 0.6 .based on Se_CCh' Q'SC mgasurements performed_ in

and F5) passed over the Itumbiara region during the periodt_he ltumbiara Reservoir duml% a field survey conducted in

These five cold front passages were confirmed by analyzind/ay 2009. A value of 5.25 fis~* (Pacheco et al., 2011) was

the meteorological data collected in situ and from satelliteC©Sen for the horizontal diffusivity of temperature and for

images (Fig. 2) obtained by the Geostationary OperationaFhe horizontal momentum.

Environmental Satellite (GOES) Due to the presence of persistent unstable atmospheric
conditions over tropical reservoirs (Verburg and Antenucci,
3.4.3 Model setup, sensitivity analysis and validation 2010), the atmospheric stability submodel was activated dur-

ing the simulation; this procedure is appropriate for cases in
The numerical domain, which was based on the bathymetryhich the meteorological sensors are located within the in-
data availability, was discretized in a uniform horizontal grid ternal boundary layer over the surface of the lake and data
containing 150 mx 150 m cells. To investigate the DML dy- are collected at subdaily intervals (Imberger and Patterson,
namics, we used a nonuniform vertical grid resolution with 1989). The stability of the ABL is evaluated through the sta-
thin layers in the upper part of the water column. The thick- bility parameter, which is derived from the Monin—Obukhov
ness of the vertical layers increased smoothly with the deptiength scale. ELCOM uses the similarity functions presented
from 0.1 m (upper water column) to 5m (bottom layer), re- in Imberger and Patterson (1989) for both stable and unsta-
sulting in a total of 67 layers. This grid configuration was ble conditions. Taking into account the results obtained by
chosen to optimize the model performance and to reduce th€urtarelli et al. (2013a), we considered the rotational effects
computational cost (Hodges and Dallimore, 2010). The wateiof Earth during the simulations.
albedo for shortwave radiation was set to 0.03 (Slater, 1980),

www.hydrol-earth-syst-sci.net/18/3079/2014/ Hydrol. Earth Syst. Sci., 18, 307893 2014
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Three sets of boundary cells that force the inflow and out-ber was computed in the following way:
flow are defined: two inflows (the Corumbéa and Paranaiba

rivers) and one outflow (the water intake at the bottom of the ,, g'h? ®)
dam). The free surface of the reservoir was divided into two ™ Lu32’

sections: one section was under the influence of S1, and the
other section was under the influence of the S2 meteorologWhereg’ is the reduced gravitational acceleration due to the
ical data set (see the two sections in Fig. 1). The model wasglensity jump across the base of the DML and was computed
forced using hourly meteorological data acquired by the twousing the density profiles simulated by ELCOM (nts &
SIMAs, the daily inflow and outflow provided by Eletrobras- is the depth of DML (m).L is the basin length scale in the
Furnas, the cloud cover and river temperatures extracted frorflirection of the wind £ 7000 m) and.y, is the water shear
the MODIS products and the daily precipitation provided by velocity scale (ms'). The DML depth/:, was defined as the
the TRMM 3B42 product (Fig. 3). first depth where the temperature difference was 0@D&l-

To provide realistic estimates, the simulation was initiatedative to the surface temperature located at 0.1 m (Maclintyre
8 days before the period of interest to spin up the circula-et al., 2002) and was computed using the temperature profile
tion patterns and water temperature gradient (see Fig. 3). Théimulated by ELCOM. The velocity scale associated with the
simulation began on 28 April 2010 at 23:30 LT (local time) generation of mechanical TKE was evaluated using the water
and ended on 15 July 2010 at 23:30LT. All of the times Shear velocityuy,, defined as (Imberger, 1985)
used in this work refer to the local time-8 GMT, Green-

; . . . 1/2
wich Mean Time). The simulation was programmed to run at « _ (i) )
efficient time steps with the Courant—Friedrichs—Lewy num- " ow '
ber fixed at 1/3 (Hodges et al., 2006). Thus, the time step . . .
was set to 150's, which was sufficient to ensure the numer?Veret is the surface wind stress (Pa) anglis the surface

ical stability of the model (Cassuli and Cattani, 1994). The Water density simulated by ELCOM (kgTf). The veloc-
initial temperature profiles were obtained through linear in-'Y Scalé associated with the convective overturn was evalu-

terpolation from S1- and S2-coupled thermistor chain data.ated using the penetrative convection veloaity, defined as

The free surface was considered to be flat at the beginning 0@mberger, 1985)

the simulation, and the water level was setto 517 ma.s.|. w, = (B3 (10)
Before the simulation, a sensitivity analysis was conducted ’

to evaluate the influence of some of the parameters on thghere s is the buoyancy flux (fs~3) given by

model results (i.e., horizontal diffusivity and water albedo

for shortwave radiation). This analysis was performed using goH*

the perturbation parameter method (Schladow and Hamilton,” — CpwPw’

1996). In this case, we changed the water albedo and the

horizontal diffusivity to+10 % of the assigned values. The whereg is the gravitational acceleration (i.e., 9.8 ¥} «

ELCOM results were validated using the water temperaturds the water thermal expansion coefficient in the range of 20—

data acquired hourly by the thermistor chains at stations SB0°C as estimated by Maclintyre et al. (2002),, is the

and S2 and the water level data that were measured dailgpecific heat of water (ie., 4186 JkbK 1) and H* is the

at the dam. The validation was performed using four meth-effective surface heat flux (Wn?) calculated as a function

ods: (1) a visual comparison of the positions of the isothermsof the surface heat balandeandn, (Imberger, 1985). The

obtained using field data and those estimated by the modemechanical energy flux into the DMIE,, was obtained us-

(2) error analysis of simulated water temperatures at differening the following equation (Imberger, 1985):

depths; (3) error analysis of the simulated water level near the

dam; and (4) comparison of the sensible and latent heat fluxe&s = 0.5(w> + Cluw*3), (12)

simulated by the model and those obtained by Curtarelli et ) )

al. (2013b) using the MODIS WST product. whereC, is a constant (i.e., 1.33).

(11)

4 Results

3.5 Diumnal mixed layer dynamics analysis 4.1 Meteorological forcing at the Itumbiara Reservoir

A marked diel pattern was observed for air temperature,
The dynamics of the DML during the study period and its shortwave radiation, humidity and wind speed (Fig. 3a—d).
response to the cold front passages were analyzed throughs observed in Fig. 3, the meteorological variables mea-
the Wedderburn number and the approach described by Imsured by SIMA exhibited similar patterns in the different
berger (1985) and Read et al. (2011). The Wedderburn numreservoir zones (near-dam and transition zone). However, in

Hydrol. Earth Syst. Sci., 18, 30793093 2014 www.hydrol-earth-syst-sci.net/18/3079/2014/
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Figure 3. Time series of wind speda), shortwave radiatiotb), air temperaturéc), relative humidity(d), cloud covel(e), precipitation rate
(f), WST at the Paranaiba inflofg) and WST at the Corumba inflogh) used to enforce the 3-D hydrodynamic model.

most of the period analyzed, the wind speed (Fig. 3a) wa®250 W nT2. The relative humidity also decreased during the
significantly higher p < 0.01) near the dam (mean value cold front days and reached values of approximately 30 %.
of 3.6ms1) than in the transition zone (mean value of The wind speed increased to as high as 9f and the pref-
3.0ms1). Moreover, the preferential wind direction showed erential wind direction changed to the S/SW. Table 2 shows a
little difference. Near the dam, the preferential direction wassummary of the weather condition changes that occurred dur-
from E to W, while in the transition zone, the preferential di- ing the cold front passages and the period of cold front activ-
rection was from SE to NW. The air temperature (Fig. 3c) ity over the Itumbiara Reservoir. All changes observed in the
also changed in the different reservoir zones; the air tempermeteorological variables during the cold front events were
ature was significantly lowemp(< 0.01) near the dam (mean statistically significantly < 0.01) when compared with the
value of 22.8C) than in the transition zone (mean value of prior conditions.

23.3°C). The relative humidity (Fig. 3d) and the shortwave

radiation (Fig. 3b) showed statistically equal values in the4.2 Model simulation

different reservoir zones; the mean relative humidity for the

period was 65 %, and the mean incident shortwave radiation;. 2.1  Sensitivity analysis and validation

was 240 W 2.

On the days when cold fronts did not pass, the air tem-g. COM had a low sensitivity to the parameters analyzed
perature typically ranged from 20 to 3G throughout the  (j e water albedo for shortwave radiation and horizontal dif-
day; the lowest temperature was observed at approximately;sjvity) for IHR. The differences in the model results for the
09:00LT and the highest value was observed at approXigifferent values tested were lower than 2.5 %. Visually, the
mately 18:00LT. The shortwave radiation peak of approxi- model was able to reproduce quite well the evolution of tem-
mately 800 Wm? occurred around noon. On average, the perature isotherms and the cooling trend of the water column
humidity ranged from 45 to 75%; higher values were ob-qyring the period analyzed in both locations (Fig. 4). The
served during the morning. The lowest humidity was ob- model was also able to reproduce the dynamics of the DML
served during the afternoon at approximately 19:00 LT. Thethroughout the day.
wind speed was higher in the morning and reached 8ms  The summary of the error analysis for the simulated tem-
with a preferential direction from the E/SE. perature (Table 3) showed that for both sampled validation

However, on the cold front days, the air temperature de-points and depths, the root-mean-square error (RMSE) was
creased and typically ranged from 15 to°Z2during the  |ower than 16 % of the range and indicates that ELCOM
da.y. Due to the cloudiness associated with the cold front pa.Sperformed well when predicting the water column temper-
sages over the Itumbiara Reservoir (Fig. 3e), the shortwaveytyre. The model performed better in the region near the dam

radiation peaks were lower during the cold front days; injth an average RMSE of 0.3€ (~ 10 % of the range); the
some cases, the maximum shortwave radiation observed waglidation point in the river—reservoir transition zone had an
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Table 2. Summary of weather conditions during the cold front passages over the ltumbiara Reservoir. Drop in air tempefajyre (
maximum wind intensity Umax), preferential wind direction, relative humidity variatioh Ry) and accumulated precipitatiof®).

Cold ATy Umax Changein ARH p**
frontID Date eC) (ms1) wind direction (%) (mm)
F1 9 May 2010-10 May 2010 5.2 7.1 FromE/NEtoSW  30.9 0
F2 12 May 2010-13 May 2010 3.8 6.5 FromE/NEtoSW  55.7 0
F3 18 May 2010-20 May 2010 3.4 8.6 FromE/NEtoS 54.1 4.4
F4 30 May 2010-1 July 2010 3.1 8.8 FromE/NEtoS 63.9 73.2
F5 4 July 2010-7 July 2010 4.3 7.2 FromE/NEtoS 57.6 16.7

* The drop in the air temperature was computed by the subtraction of daily averaged temperature in the day before the cold front
passage and the daily averaged temperature in the coldest day during the cold front &tfiigyvalues represent the
precipitation accumulated during the cold front activity.

Table 3. MAE and RMSE of the simulated temperature at the S1 and S2 stations.

Depth s1 S2

sampled (m) MAE{C) MAE (%) RMSE €C) RMSE (%) MAE C) MAE (%) RMSE €C) RMSE (%)
15 0.29 6.71 0.32 7.41 - - - -
5.0 0.30 8.38 0.33 9.15 0.36 1.4 0.39 10.25
12.0 0.27 8.06 0.30 8.85 0.36 1.42 0.39 12.04
20.0 0.26 8.15 0.29 8.88 0.65 2.53 0.75 26.24
39.0 0.39 13.66 0.45 15.74 - - - -

Average 0.30 8.99 0.34 10.01 0.60 2.33 0.66 13.21

average RMSE of 0.68C (~ 13 % of the range). This level loss generally occurred in the afternoon between 15:00 and
of accuracy is consistent with other 3-D modeling studies of16:00 LT when the air temperature increased and the wind
lakes (Hodges et al., 2000; Okely et al., 2010). speed decreased.

The error analysis of the simulated water level near the The area-average longwave flux ranged fremd5 to
dam also produced favorable results, indicating that the EL-15W m~2, with a mean value of-72 W m 2. Few positive
COM model could accurately compute the water balance andialues were observed during the study period; they generally
represent the reduction in the water level during the simula-occurred on the days with cold front passages over the IHR.
tion period. The mean absolute error (MAE) and RMSE of The longwave heat flux showed a diel pattern similar to that
the simulated water level in the dam were 0.35 and 0.37 nof the latent heat flux; the peak longwave heat loss generally
(< 3.5% of the range), respectively. The area-average semsccurred at 08:00 LT, and the lowest value of longwave heat
sible (Fig. 5a) and latent (Fig. 5b) heat fluxes estimated byloss occurred between 15:00 and 16:00 LT.
the model showed good correlation with the fluxes obtained The area-average sensible heat flux ranged frdi2 to
by Curtarelli et al. (2013b) using the product M*D11A1 14 W m2 during the day, with a mean value e25W m 2.

(R? > 0.88). The MAE of the simulated sensible and latent The positive values were observed, in general, in the after-
heat fluxes were 6 and 148 WTh respectively. The RMSE  noon when the air temperature was higher than the WST.
of the simulated sensible heat flux was 7 Winwhile the ~ The peak of the sensible heat loss occurred between 07:00

RMSE of the simulated latent heat flux was 168 Wn and 08:00 LT when the air temperature dropped and the wind
speed increased.
4.2.2 Heatbalance The Bowen ratio analysis (Fig. 6b) indicates that the la-

tent heat flux is the main source of turbulent heat loss. The
All three components of the surface heat fluxes estimated byeservoir heat balance (Fig. 6c) was primarily controlled by
the model showed a marked diel cycle during the study pethe shortwave incoming radiation (heat gain) and the latent
riod (Fig. 6a). The area-average latent heat flux estimated bjieat flux (heat loss). Heat gain occurred during the morn-
the model ranged from-492 to—0.4 W n1 2, with a mean  ing and afternoon between 09:00 and 18:00 LT when solar
value of—181 W nT 2. At the diel scale, the peak of the latent radiation was present. The peak of the heat gain was gen
heat loss generally occurred in the morning between 08:0@rally observed at 12:00 LT, which is in phase with the so-
and 09:00 LT when the minimum air temperature and max-lar radiation signal. The peak of the heat loss generally oc-
imum wind speed occurred. The lowest value of latent heacurred at 08:00 LT, which coincides with the peak of the
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simulation; a difference of 2C was observed between the
surface (27.8C) and the bottom (25.%C); the water column
temperature was approximately 26 (Fig. 7). However, as
expected from the heat balance results, the water column
of the IHR exhibited a cooling trend during the season and

was enhanced during the simulation period and reached val-
ues of approximately 2C. In the region near the dam, the
water column was completely mixed with a less than°@5

@ 2 2}
g @ e | 8 reached values below 28 at the end of the simulation. A

. E- Y - . . . . . . .
= A 1;‘ -, M 2 = _ thermal gradient was observed in the longitudinal direction in
sS4 o®® o < -200 . . . .
§§ 20 R g ; which the main body of the reservoir was typically warmer
2w - PSR than the river—reservoir zone-(1 °C). This thermal gradient
z 3
3 -

difference in the temperatures of the surface and of the bot-
Figure 5. Comparison between MODIS-derived and modeled sen-tom. The IHR showed a spatial heterogeneous WST with
sible heat flux(@) and latent heat flug). a horizontal temperature gradient towards the center of the
reservoir of approximately AC (Fig. 8). This gradient was
more pronounced during the night and early morning when
latent heat loss. The area-average surface heat balance ranggsht loss is higher and the heat budget is negative; however,
from —638 to 706 W 2, with a mean value 048 WnT %, it persisted throughout the day.
thus, the reservoir was losing energy to the atmosphere.
Considering a reservoir surface area of 78Gkamd the 4.3 Diurnal mixed layer dynamics
mean area-average heat flux48 W m2), approximately
1.3x 107 J of energy was released to the atmosphere durindduring the study period, the Wedderburn number values
the simulated period. ranged from 0 to 152 (Fig. 9a), with a mean value of

0.88; these values are indicative of severe mixing between the
epilimnion and the hypolimnion and the occurrence of en-
trainment. The lowest values &f were generally observed
The temporal variation of the water column’s thermal struc-during the night and early morning when the heat loss and
ture that was predicted by ELCOM along the longitudinal the wind speed values were highest. Tiievalues tended
transect (AA) indicates that the main body of the reservoir to increase throughout the day; this trend indicates the de-
had weak thermal stratification from the beginning of the trainment of the mixed layer and the increase of thermal

4.2.3 Thermal structure
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Figure 7. Changes in the thermal structure of the Itumbiara Reser-" the morning due to the high wind speed and convection

voir along its longitudinal (AA) transecta—l). The AA transect  induced by the surface cooling (high buoyancy flux). Lower
location is shown in Fig. 1. values were observed during the afternoon and evening due

to the low wind speed and weak buoyancy flux. Surface cool-

ing was the main process contributing to the flux of TKE into

the DML and accounted for an average of 53 % of the energy
stratification in the upper part of the water column. The depthinput during the day; wind shear is the secondary contributor

of DML (Fig. 9b) ranged from 0.3 to 10 m during the period, to the energy flux and accounts for 47 % of the total energy
with a mean depth of 4.5m. The DML dynamics exhibited jnput.

distinct phases during the day: typically shallower during the
day and deepened at night. 4.4 Comparison of days with and without cold fronts

The water shear velocity scale ranged from0to 1.4th's
with a mean value of 0.51 cnT$ (Fig. 9¢), while the penetra- 4.4.1 Heat balance
tive convection velocity scale ranged from 0.04to 1.5cth s
with a mean value of 0.68cm$ (Fig. 9d). These two We evaluated the impacts of cold fronts on the daily heat
velocity scales exhibited similar behaviors during the day,balance by averaging the simulated heat balance components
i.e., higher values during the night and early morning andfor every hour of the days with and without cold front activ-
lower values during the afternoon. The penetrative con-ity during the simulated period (Fig. 10). On the days when
vection velocity-scale values were higher than water sheacold fronts were absent, the area-average latent heat flux
velocity-scale all day and indicate that during the simulatedestimated by ELCOM ranged from115 to —230 W nT2,
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of —21Wm 2 (Fig. 10c). However, during cold front con-

| ditions, the sensible heat flux typically ranged frer24 to

O‘OI—ZIGI "0 e 3 12 46 150 154138 162 166 —53Wm‘2, with a mean value 0#36Wm_2, which repre-

Time (Day of year - 2010) sents a 77 % increase in the heat loss by the sensible heat flux.
For the five cold front passages simulated, the sensible heat

Figure 9. Time series computations of Wedderburn num@®r  fluxes showed similar patterns in which the heat loss mag-

DML depth (b), water shear velocity scale), penetrative entrain-  pjtyde differences were small. The maximum instantaneous

ment velocity scaléd) and energy inpute). sensible heat loss occurred during F4 (see Fig. 6a) when the

sensible heat flux reached122 W n1?2 in some reservoir

areas. This value is approximately fourfold higher than the

B 2 -
with a mean value o166 Wnt* (Fig. 102). On the cold  ,5yimum sensible heat loss predicted by the model during
front days, the area-average latent heat flux increased anai

5 ays without cold fronts.
ranged fror2—159 to—225Wnt*, with a mean value of b ing the days without cold fronts, the area-average
—194 W_rrr . The daily mean latent heat loss was signifi- heat balance ranged from332 to 510 W n72 with a mean
cantly higher p < 0.01) on the cold front days than on the | o.e of —32 W nT2. On the cold front days, the heat bal-
days without cold fronts; the daily mean area-average Iatenénce ranged from-332 to 450 W 2 with a mean value

heat flux was approximately 16 % higher on the days with ¢ _g7\n/n2. As result of the increase in the latent and

cold front activity. _ sensible heat loss and the decrease in the shortwave inci-
The area-average eshmatesz of the longwave heat fluyent radiation during the cold front days, the IHR lost nearly
ranged from—'_57 to —103Wnm d‘_”'ng the days without 414 more energy on a cold front day than on a day with-
cold fronts (Fig. 10b). However, in contrast to the latent , ; 5 ¢oq front (Fig. 10d). The maximum heat loss occurred
heat flux, the absolute value of the daily mean area-averagg, 12 May at 19:00 LT during F2 (see Fig. 6a) when the
longwave heat flux was significantly lowep & 0.01) dur- heat budget was-611 W nT2. This value is approximately

ing the cold front d_a;ys than during the days without cold 14 higher than the maximum instantaneous heat loss
fronts, i.e.,—80 W m~< (mean value for non-cold-front days) predicted by ELCOM during a non-cold-front day.
and —66 W n1 2 (mean value for cold front days), an ap-

proximately 16 % difference. This result can be explained by
the increased cloudiness that occurred during the cold front

F,
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0 10 approximately 4.1& 10~ m®s~3 (mean daily value). The
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y PR (h/w*) and water shearh(u},) showed a distinct behav-
=& - ior under cold front conditions; the penetrative entrainment
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Figure 11.Impacts of a cold front on the DML dynamid) DML The cooling of the IHR is a natural process that occurs ev-

depth, (b) water shear velocity scalég) penetrative entrainment €1y year from May to August (fall and winter in the South-
velocity scale andd) energy flux into the DML. ern Hemisphere). According to Alcantara et al. (2010b), this

process is mainly controlled by the solar declination and the
changes in the weather conditions throughout the year. As a
consequence, the heat balance between the water and the at-
mosphere changes, and the water column of the IHR cools.

) , However, our results showed that the successive passages of
The impacts of the cold fronts on the DML dynamics were .4 fronts in a short time period also exert influence on the

evaluated in the same way as the heat balance, by averaging,s|ing phase of the IHR to enhance the release of sensible
the computed variables for every hour of the days with and, 4 |atent heat to the atmosphere.
without cold front activity (Fig. 11). Typically, on the days  ag shown in Sect. 4.1, the cold front activity over the
without cold front activity, the DML depth ranged from 1.4 g changes the weather characteristics and impacts the heat
to 6.4m with a mean depth of 3.9m (Fig. 11a). However, 0Npajance of the reservoir. The increase of latent and sensi-
the days with cold front activity, the DML depth ranged from e heqt joss and decrease of net longwave radiation during
3.4 10 6.6 m with a mean depth of 5.6 m, which represents an.,|g front activity were also observed in lakes and reser-
increase of 41 % in the mean DML depth. This finding can qrs |ocated in the temperate (Blanken et al., 2000; Liu et
be related to the effective heat flux and wind speed, wh|cha|_, 2009, 2011) and polar regions (Maclntyre et al., 2009).
were generally 39 and 45 % higher (in absolute values), rej, et al. (2009) showed that during a cold front event, the
spectively, on the days with cold front passages; the effeCiyient and sensible heat fluxes can reach values of approx-
tive heat flux and wind speed reached daily mean values Ofmately — 450 and—250 W nT2, respectively, in the Ross
—166 and 5.5m's!, respectively, under cold front passage garnett Reservoir near Ridgeland, Mississippi, USA; these
conditions. _ _ _ values are 10% lower and 100% higher, respectively, than
The water shear and penetrative entrainment VeloCityine maximum values simulated in the IHR. In the polar re-
scales were typically higher on the days with cold front gign the Jatent heat flux can reach values betwe20 and
passages (Fig. 11b, c); the values were approximately 26 15w -2 (Maclntyre et al., 2009), which are approxi-
and 19% higher, respectively, compared to the days withyna1e1y 3009 lower than the maximum value predicted in
out cold front passages. Hence, the energy input into thene |y mbiara Reservoir. However, the sensible heat loss is
DML increased by approximately 55% on the days with 5onroximately 25 % higher in the polar region. The differ-
cold front events over the7IHR; under th6ese3 conltlons, thegnces observed in the amounts of energy released during cold
Fy ranged from 4.46 10~ to71.84><310‘_ m°s™ with & font nassages over reservoirs in the distinct regions may be
mean daily value of 8.1% 10~"m”s™* (Fig. 11d). For the  guinyted to the differences in air mass characteristics and
days without cold front passages, the penetrative entraing,q sapility of the atmosphere. In the temperate and polar
ment was responsible for approximately 53% of the en-regions, unstable and stable ABL conditions alternate, while

ergy input into the 9Mé‘ ggnerat'ed by the stirring mech- e ABL over the Itumbiara Reservoir was unstable during
anisms € 2.76x 10~ "m*s™7), while the water shear was ggoy of the study period.

responsible for 47 %~ 2.48x 10~ ' m3s~3). However, on
the days with cold front passages, the contribution of each
term was inverted and the water shear was the main mech-
anism governing the energy input into the DMk 52 %),

4.4.2 Diurnal mixed layer dynamics
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5.2 Impacts of cold fronts on the differential cooling cold front passages are important events controlling the wa-
process ter quality and GHG emissions in the IHR, mainly during the
austral winter when the cold front frequency is higher. The
Results obtained by Alcantara et al. (2010b) showed that dureomplete water column mixing and differential cooling in-
ing May and June, the differential cooling process creates densification induced by cold front passages may be the key
weak horizontal temperature gradient in the IHR. This weakphysical processes driving the ecological dynamics of the
temperature gradient between the littoral and pelagic zonetHR. Therefore, further studies of water quality and GHG
is not able to generate density currents. However, our resultemissions at the IHR must consider the effects of this mete-
showed that during the cold front days, the differential cool- orological phenomenon.
ing process is intensified and the temperature gradient be-
tween the littoral and pelagic zones tends to be higher than
the gradient during the days prior to the cold front activity
(Fig. 9). 6 Conclusions
This finding can be explained by the spatial variability of
heat budget components. Recently, Curtarelli et al. (2013b)n this study, we investigated the impacts of winter cold front
showed that when a cold front moves over the IHR, the senpassages on the heat balance and diurnal mixed layer dynam-
sible and latent heat fluxes are higher in the littoral zone tharics of a large tropical hydroelectric reservoir located in cen-
in the pelagic zone; thus, intensive cooling occurs in the lit-tral Brazil. The main conclusions are as follows.
toral zone and enhances the horizontal temperature gradient. The main changes observed in the meteorological condi-
According to these authors, the heat loss intensification canions during a cold front passage over the IHR are an increase
be separated into two periods: first, during the cold front pas-in the wind speed and decreases in the air temperature and
sage, when the wind speed increases and the air temperaturelative humidity. However, the magnitude of these changes
decreases; second, after the cold front passage, when the alepends on the intensity of the cold front. In response to the
humidity decreases. changes in the weather conditions, the IHR heat balance is
The increased horizontal temperature gradient observedubstantially altered under cold front conditions. During the
during and after the cold front activity was responsible for cold front days, the heat loss can be two- or threefold greater
promoting baroclinic instability (Wells and Sherman, 2001) than that during the non-cold-front days.
and creating density currents after the cold front activity. The intensification of the differential cooling process dur-
The velocity of the currents reached values of approximatelying the cold front activity is responsible for generating a
16 cms! after a cold front passage, and a large volume ofstrong horizontal temperature gradient towards the center of
water was transported from the littoral zone to the pelagicthe reservoir{ 8°C). In the days after the passage, density
zone in a relatively short time period. This type of trans- currents are responsible for exporting a large volume from
port plays an important role in the biological and chemical the littoral to the pelagic zone. This can be a key process con-
processes of the reservoir (Imboden, 1990), for example, extrolling the evasion of greenhouse gases in tropical reservoirs
porting nutrients and oxygen from shallow to deep regions.subject to cold front activity.
Studies conducted in other Brazilian reservoirs showed that The DML dynamics show two distinct behaviors during
there is a trend of algal bloom occurrence in the days after ahe winter, depending on the presence/absence of cold fronts.
cold front passage (Tundisi et al., 2004; Morais et al., 2010)The occurrence of cold fronts over the IHR contributes to
due to the nutrient input by density currents. deepening the DML, which can reach a depth of approxi-
mately 5 m during the days with cold front activity. The water
5.3 Possible impacts of cold front passages on the IHR shear was the main mechanism governing the DML dynam-
water quality ics in the IHR during the occurrence of a cold front event.
Our results indicate that cold fronts are among the main
As we showed previously, the passage of a cold front over theneteorological disturbances driving the physical processes
IHR significantly changes the region’s heat balance (Fig. 10)within hydroelectric reservoirs in tropical South America
and DML dynamics (Fig. 11). Hence, changes are expectediuring the winter. Hence, the cold front activity over these
in the IHR water quality and ecological dynamics. Accord- aquatic systems may have several implications for the water
ing to Tundisi et al. (2010), the water column mixing in- quality. Therefore, further studies are needed to better un-
duced by the passage of cold fronts can impact phytoplankeerstand and quantify the effects of cold front events on the
ton succession. Moreover, some studies (e.g., Eugster et akeservoirs’ ecological and biogeochemical processes, such as
2003) showed that there are strong and significant differenceprimary production and greenhouse gas evasion.
between greenhouse gas (GHG) emissions observed during Additionally, the results of this study imply that future
nonconvective and convective conditions within lakes. potential changes in cold front activities (e.g., intensity,
The results of this study relate to the conclusions of Eug-frequency, and duration) as a result of climate variability
ster et al. (2003) and Tundisi et al. (2010), who indicate thatcan lead to significant restructuring of the regional energy
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and hydrological balances in tropical South America, whereCurtarelli, M. P.: Study of the influence of cold fronts on circulation
several hydroelectric reservoirs are located. and stratification and mixing processes in ltumbiara reservoir
(GO): A hydrodynamic modelling and remote sensing approach,
M.Sc. thesis, National Institute for Space Research, 2012.
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