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Key points
e We evaluated the impacts of mesoscale systems on an Amazon reservoir dynamics
e Multi-sensor data acquisition was used for the 3D hydrodynamic modeling

e Energy balance and mixing dynamic were affected by the meteorological events



Abstract

We evaluated the impacts of summertime mesoscale convective systems (MCS) on the heat
balance and diel surface mixed layer (SML) dynamics of the Brazilian Amazon’s Tucurui
Hydroelectric Reservoir (THR). We used a synergistic approach that combines in situ data, remote
sensing data and three-dimensional (3D) modeling to investigate the typical behavior of the
components of the heat balance and the SML dynamics. During the study period (the austral
summer of 2012-2013), 22 days with MCS activity were identified. These events occurred
approximately every 4 days, and they were most frequent during January (50% of the observations).
An analysis of local meteorological data showed that when MCS occur, the environmental
conditions at THR change significantly (p-value < 0.01). The net longwave flux, which was the
heat balance component most strongly impacted by MCS, increased more than 32% on days with
MCS activity. The daily integrated heat balance became negative (-54 W m2) on MCS days, while
the balance was positive (19 W m?) on non MCS days. In response to the changes in the heat
balance, the SML dynamics changed when a MCS was over the THR. The SML depth was typically
28% higher on the days with MCS (~1.6 m) compared with the days without MCS (~1.3 m). The
results indicate that MCS are one of the main meteorological disturbances driving the heat balance
and the mixing dynamics of Amazonian hydroelectric reservoirs during the summer. These events
may have implications for the water quality and greenhouse gas emissions of Amazonian

reservoirs.
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1. Introduction

Mixing processes play a major role in the ecological dynamics of lakes and reservoirs
because of their control over the available nutrients and sunlight that support primary production
[Spiegel and Imberger, 1987; Reynolds, 1992; Macintyre, 2002]. The surface mixed layer (SML)
is the portion of the water column immediately below the free surface. The SML is directly
influenced by the momentum and turbulence introduced by surface wind stress and buoyancy flux
[Imberger, 1985]. The SML thickness varies temporally and spatially, and it is associated with
phytoplankton dynamics [Spiegel and Imberger, 1987; Vidal et al., 2010], phosphorus dynamics
[Komatsu et al., 2006], cyanobacteria blooms [Atoui et al., 2012] and greenhouse gas emissions
[Eugster et al. 2003; Rudorff et al., 2011]. The SML dynamics in lakes and reservoirs worldwide
are well documented in the available literature [Imberger, 1985; Spiegel and Imberger, 1987;
Maclntyre et al. 2002; Curtarelli et al. 2014]. However, research is lacking for Amazonian lakes
and reservoirs, where a better understanding of the spatio-temporal variations in the SML thickness
and associated forcing is still needed.

For tropical and equatorial lakes and reservoirs, Macintyre et al. [2002] showed that at the
diel scale, the upper water column is stratified during the day and is nearly isothermal at night. The
diel dynamics of the SML are mostly modulated by the surface energy balance, which in turn is
modulated by meteorological conditions and atmospheric boundary layer (ABL) stability [Verburg
and Antenucci, 2010]. Thus, short-duration meteorological events, such as mesoscale convective
systems (MCS), that are frequently observed in the region can affect SML dynamics in Amazonia
aquatic systems by influencing the cloud cover formation and weather conditions [Laurent et al.,
2002; Houze, 2004; Tadesse and Anagnostou, 2010].

The Amazon region is known as one of the largest lakes district in the world [Sippel et al.

1992], and it is one of the main centers of convective activity in the tropics [Laurent et al., 2002].
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In this region, MCS activity occurs throughout the year, but it is most frequent during the wet
season (austral summer) when the South Atlantic Convergence Zone (SACZ) and the Inter-
Tropical Convergence Zone (ITCZ) are present [Liebman et al., 1999]. These events generally
occur at intervals from 8 to 10 days [Nogués-Paegle and Mo, 1997]. Thermodynamic instability
and the low-level vertical shear of the horizontal wind control the organization and propagation of
MCS [Machado, 2000; Laurent et al., 2002].

Considering that MCS affect surface winds, air temperature, and cloud cover and decrease
the incident shortwave radiation, this study aimed to evaluate the impacts of MCS activity on the
heat balance and SML dynamics of a large hydroelectric reservoir located in the Brazilian Amazon
during the austral summer. A combined approach — in situ data, remote sensing and three-
dimensional (3D) hydrodynamic modeling — was used to avoid the limitations of a one-dimensional
approach in understanding vertical mixing and transport through the thermocline [Maclintyre et al.
2002]

A summary of the environmental characteristics of the study site is presented in section 2.
The methodology of the research is described in section 3. Subsections 3.1 to 3.5 describe the
methods and equipment used to collect the in situ data. Subsection 3.6 describes the three-
dimensional modeling approach used. Subsection 3.7 presents the methods used to analyze the
diel SML dynamics. The preliminary results of the environmental conditions on days with and
without MCS events, the model performance evaluation and the diurnal mixed layer patterns are
given in section 4. The effects of MCS events on the heat balance and SML dynamics and the
possible implications for water quality are discussed in section 5. A summary and final

considerations are presented in section 6.

2.  Study site



The Tucurui Hydroelectric Reservoir (THR) is located in the Brazilian Amazon, Para State,
between 3°43°2”S, 49°59°15”W and 4°52’31”S, 49°9°13”W (Fig. 1). The THR is one of the largest
hydroelectric reservoirs in the world, with a flooded area of 2,918 km?2 and a total volume of 50.3
billion m3 [Maciel, 2012]; the maximum depth is approximately 100 m when the reservoir is full.
The reservoir is oriented north-south and is approximately 150 km long and 20 km wide. The THR
residence time is approximately 51 days [Fearnside, 1999].

The climate in the THR region is classified as tropical with monsoons (Am) [Peel et al.,
2007]. The average monthly air temperature ranges from 24.5 °C (February) to 28 °C (October),
with an annual average temperature of 26.5 °C. The rainfall, which exceeds 2000 mm yr?, is
distributed irregularly with two well-defined seasons: wet (from October to April) and dry (from
May to September). During the wet season (austral summer), the rainfall can exceed 400 mm
month, with a peak in January. This period corresponds to the occurrence of the SACZ and ITCZ
over South America and the Amazon region, when it is possible to observe an increase in cloud

clusters and MCS activity over these areas [Liebman et al., 1999; Rickenbach et al., 2011].

3. Methods
3.1. Reservoir bathymetry

A bathymetric grid with a 400 x 400 m spatial resolution was obtained from the spatial
interpolation of depth samples collected with a GPSMap 520s Garmin® ecobathymeter (Olathe,
Kansas, USA) during a single field expedition conducted between 3 and 16 July 2013. The field
survey was conducted in this period because the reservoir level was near the maximum operational
level (74 m above sea level), among other factors. During the data collection the ecobathymeter
was preprogrammed to collect and store depth samples every 2 seconds using the geographical

coordinates system and the World Geodetic System 1984 (WGS-84) as the datum; a total of
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179,898 depth samples, with an accuracy of £0.1 m, were collected. Before spatially interpolating
the values to generate the bathymetric grid, the depth samples were corrected to the maximum level
of the reservoir operation. We used the ordinary kriging algorithm to generate the bathymetric grid
and validated the results using the leave-one-out cross validation technique [Li and Heap, 2008];

the root-mean-square-error (RMSE) was less than 1 m.

3.2. Surface meteorology

The meteorological data were acquired hourly between 21 December 2012 and 21 March
2013 by an autonomous system called ‘Integrated System for Environmental Monitoring’ (SIMA,
from the Portuguese spelling). SIMA [Stech et al., 2006; Alcantara et al., 2013] consists of a set
of hardware and software designed for meteorological and limnological data acquisition and
monitoring of natural and man-made aquatic systems. The primary characteristics of the
meteorological sensors used are summarized in Table 1, and the SIMA position within the THR is
shown in Figure 1. The meteorological data were recorded every hour, as a result from a mean of
30 samples collected by a burst sampling of 0.3 ms duration at a 10 us rate. In addition, the wind
speed and direction were collected every 30 s, 10 times before and 10 times after the hourly
recording; the mean value of these 21 samples was recorded. The data collected by SIMA were
transmitted by satellite to the National Institute for Space Research (INPE, from the Portuguese
spelling) facilities in Cuiaba (Mato Grosso State, Brazil) and Alcantara (Maranhdo State, Brazil).
Then, the data were electronically re-transmitted to the INPE unit in Natal (Rio Grande do Norte
State, Brazil), where the data were processed to filter the gaps in the transmission signal. Finally,

the data were electronically sent to the Remote Sensing Division (DSR) in Séo José dos Campos



(Séo Paulo State, Brazil). At DSR, the data were decoded, processed and stored in the SIMA

database.

3.3. Water temperature time series

Time series of water temperature profiles” were collected hourly between 21 December 2012
and 21 March 2013 by two thermistor chains: one installed at the river-reservoir transition zone
(the CH1 station) and one installed in the main body of the reservoir (the CH2 station) (see Fig. 1
for the locations). Each thermistor chain had 15 HOBO Onset® U22-001-Water Temp Pro v2
probes (Bourne, Massachusetts, USA). These thermistors operate between -40 °C and 50 °C with
a factory-specified accuracy of £0.2 °C.. At CH1, thermistors were installed at 0.3, 1, 2, 3, 4, 5, 6,
7,8, 10, 12, 14, 16, 18, and 20 meter depths. At CH2, thermistors were installed at 0.3, 1, 2, 4, 6,
8, 10, 12, 14, 16, 18, 20, 25, 30 and 35 meter depths. In addition to the two thermistor chains, a
YSI® 6600 V2 sonde (Yellow Springs, Ohio, USA) was used to collect the hourly water surface
temperature (i.e., at a 0.5 m depth) at the SIMA location. The YSI sonde temperature sensor

operates between -5 °C and 60 °C with a factory-specified accuracy of £0.15 °C.

3.4. ldentification of MCS

MCS activity over the THR was identified using an algorithm called ForTraCC (Forecast and
Tracking the Evolution of Cloud Clusters), which was developed by Vila et al. [2008]. ForTraCC
Is a remote-sensing-based model that uses thermal infrared data (wavelength centered at 10.8 um)
collected by the Geostationary Operational Environmental Satellite (GOES) to identify and track

MCS using their radiative and morphological properties. This algorithm also forecasts the



evolution of MCS physical properties based on cloud-top brightness temperatures for up to 120
minutes.

The ForTraCC algorithm has four main steps which are briefly described next. The first step
of the algorithm is the detection of a MCS, which is based on the concept that deep convection
penetrates into the upper troposphere (i.e., between 9 and 10 km above the land surface). ForTraCC
uses a brightness temperature threshold of 235 K and a minimum storm size of 2400 km?2 (which
equates t0150 pixels, considering the 4 km x 4 km resolution of a GOES image) to identify a MCS.
The second step is the identification of morphological (e.g., size and location of the center of mass)
and radiative (e.g., mean and minimum brightness temperatures) parameters of each MCS detected
in the previous step. These parameters are described in detail by Machado et al. [1998] and Vila
and Machado [2004]. The third step is MCS tracking, which is based on an overlap method
[Mathon and Laurent, 2001]. This method assumes that the same cloud is present at two different
times if there are common pixels in consecutive GOES images, while also considering the initial
size and temperature thresholds. Successive GOES images are compared forward and backward in
time to determine one of five situations: spontaneous generation, natural dissipation, continuity,
splitting and merging. The final step is the MCS forecast, which is based on the estimates of the
displacement of the MCS’s center of mass and its life cycle phase. The MCS mass center
displacement estimate considers three consecutive times or image acquisitions (t-24t, t-At and t)
and the life cycle phase (growth-decay) is evaluated through the normalized area expansion. A
complete description of ForTraCC methodology and its validation are available in Vila et al.
[2008].

In the present work, we accessed the ForTraCC database, which is available at

<http://sigma.cptec.inpe.br/fortracc/>, for the period of 21 December 2012 to 21 March 2013 to



identify MCS activity over the Tucurui Reservoir. MCS were identified by visual inspecting all of
the images available in the ForTraCC database for the specific period. Figure 2 shows examples of
MCS identified over the THR during the summer of 2013. The incident shortwave radiation data

collected by the SIMA buoy was used to confirm the occurrence of these events.

3.5. Heat balance estimation
The hourly heat balance, 4AQ (W m?2), of the THR at the SIMA station was estimated

according to Henderson-Sellers [1986]:

AQ = (1 - agw)Qsw + (QLwin — Quwout)+ Qe +QH (1)

where asw is the shortwave albedo (dimensionless), which is computed according to the day of the
year and the reservoir latitude, Qsw is the incident shortwave radiation (W m2), Quwin is the
atmospheric incident longwave radiation (W m), Quwou is the longwave radiation emitted by the
water surface (W m2), Qe is the latent heat flux (W m) and Qu is the sensible heat flux (W m).
Here, we used the convention that a heat flux is positive (negative) if it is entering (leaving) the
reservoir.

The incident shortwave radiation was measured directly by SIMA, and the atmospheric

incident longwave radiation surface was estimated following Henderson-Sellers [1986]:

Quwin = L— aLw )&a0Ta L+KC?) )
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where anw iS the longwave radiation albedo (= 0.03; Henderson-Sellers [1986]), & is the air
emissivity (dimensionless), ¢ is the Stefan-Boltzmann constant (= 5.67x10°8 W m? K*), Tais the
air temperature (K), k is a parameter that depend on the cloud characteristics (= 0.17; Henderson-
Sellers [1986]) and C is the cloud cover fraction (dimensionless). The & was calculated as a

function of the air temperature and vapor pressure, following Brutsaert [1975]:

e 1.7
£q = 0.642(_'_—&] (3)

a

where e5 is the vapor pressure (hPa), based on the computation by Verburg and Antenucci [2010].
The mean daily value of the cloud cover was calculated using the incident shortwave radiation
collected by SIMA and the empirical relationship presented by Reed [1977]; this relationship was
developed using 40 months of data collected at three coastal sites (from the tropics to the extra
tropics) and was verified against 125 days of data obtained in the eastern Pacific from the Tropics
to the Gulf of Alaska. Overall, the relationship is considered appropriate from the tropics to high
latitudes. The longwave radiation emitted by the water surface was estimated following

Henderson-Sellers [1986]:

4
QLwout = EwoTw (4)

where &y is the water emissivity (= 0.97; Henderson-Sellers [1986]) and Ty is the water surface
temperature measured by a YSI® sonde coupled with SIMA (K). The latent and sensible heat

fluxes were estimated according to Verburg and Antenucci [2010]:
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Qe = paU10Ly Ce(da — aw) (5)
QH = palU10C paCH (Ta —Tw) (6)

where pa is the air density (kg m), Uso is wind speed10 m above the water surface (m s2), Ly is
latent heat of vaporization (J kg™, gais the specific humidity (kg kg™), qw is the specific humidity
at saturation (kg kgt), Cpa is the specific heat of air (= 1003 J kg K%; Fischer et al. [1979]), and
Ce and Cu are the transfer coefficients for latent and sensible heat transfer, respectively
(dimensionless). pa, Lv, ga, and qw are calculated using the methods described by Verburg and
Antenucci [2010]. The wind data collected by SIMA at a height of 3 m was extrapolated to a 10 m

height, U1, using the following equation [Schertzer et al., 2003]:

1/7
10
Uso =U,( 2] )

were U, is the wind speed (m s™) measured at a height of z meters (3 m in the SIMA platform). In
this study we also considered Ce = CH (Cen). Because of the persistent unstable atmospheric
conditions over tropical lakes [Verburg and Antenucci, 2010], we used the iterative procedure
proposed by Hicks [1975] and the set of equations presented by Verburg and Antenucci [2010] to
account for the stability of the ABL in the estimations of the latent and sensible heat fluxes. This
iterative procedure was initialized using neutral stratification heat transfer coefficients [Amorocho

and Devries, 1980]. Then, a set of similarity functions (yw~functions) was used to correct the heat-
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transfer coefficients for non-neutral conditions based on the stability parameter,  (dimensionless),

defined as:
V4
G = (8)
Lmo

where z is the height of the meteorological sensors (m) and Lwo is the Monin-Obukhov length scale
(m™). Following Imberger and Patterson [1989], a cutoff was imposed on the stability parameter

(Cmax = |15]), and the iterative procedure was repeated until the Lmo converged to within 0.001%.

3.6. Three-dimensional modeling of thermal structures

The Estuary and Lake Computational Model (ELCOM) [Hodges et al., 2000; Laval et al.,
2003] was used to simulate the physical response of the Tucurui Reservoir to MCS activity during
the austral summer of 2012-2013. ELCOM simulates the vertical Reynolds stress terms (and the
turbulent fluxes) using momentum and transport equations with a 3D mixed-layer approach derived
from the mixing energy budgets developed for 1D lake modeling [Imberger and Patterson, 1989].
1D mixed-layer models are typically Lagrangian re-grid the vertical domain to match the number
of mixed regions in the water column, whereas the present 3D method uses an Eulerian fixed-grid
framework because Lagrangian 3D methods typically produce highly skewed grid cells when
horizontal gradients in the mixing occur. ELCOM applies a separate 1D mixed-layer model to each
water column to provide the vertical turbulent transport, whereas the 3D transport of turbulent
kinetic energy (TKE) provides the dynamic effect of 3D motions on the TKE available for vertical
mixing.
3.6.1. Model setup
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The numerical domain used in the simulation was discretized on a uniform horizontal grid
containing 400 m x 400 m cells based on bathymetry data. To investigate the SML dynamics we
used a non-uniform vertical grid resolution with thin layers in the upper part of the water column.
The thickness of the vertical layers increased smoothly with the depth from 0.1 m (upper water
column) to 5 m (bottom layer) resulting in a total of 74 layers. These grid configurations were
chosen to optimize the model performance and to reduce the computational cost.

The mean water albedo for shortwave radiation was set to 0.03 [Slater, 1980], and the bottom
drag coefficient was set to 1x1073 [Wiiest and Lorke, 2003]. The attenuation coefficient for
photosynthetically active radiation (PAR), K¢, was set to 1.2 m? based on radiometric
measurements with TriOS® Ramses radiometers (Rastede, Lower Saxony, Germany) during a field
expedition that was conducted between 22 and 30 November 2012. Kq was calculated for the PAR
range (400 to 700 nm) using 27 vertical profiles of downward irradiation collected at various
reservoir zones, as described in Kirk [1994]. The Kq ranged from 0.49 m™to 4.03 m, and the value
used in this study is consistent with other studies conducted at Amazon basin rivers and lakes
[Costa et al., 2013]. A value of 5.25 m2 st was chosen for the horizontal diffusivity of temperature
and momentum, based on a previous study conducted in another Brazilian tropical reservoir
[Pacheco et al., 2011].

We defined three sets of boundary cells to force the model: one inflow (Tocantins River),
one outflow (the water intake at the bottom of the dam) and the free surface (meteorology). The
model was forced using the hourly meteorological data acquired by SIMA, the mean daily cloud
cover computed using the Reed [1976] empirical equation and the daily inflow and outflow
provided by Eletrobras-Eletronorte, the company that oversees the reservoir. The Tocantins River
temperature was considered constant during the simulation period (29.1°C) and was obtained from

the “Emissions of Greenhouse Gases in Hydroelectric Reservoirs’ project database.
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To account for unstable atmospheric conditions, the atmospheric stability sub-model was
activated during the simulations; this procedure is appropriate in cases in which the meteorological
sensors are located within the internal boundary layer over the lake surface and the data are
collected at sub-daily intervals [Imberger and Patterson, 1989]. Considering the weak stratification
(~0.1 °C m™) observed in the main body of the THR (the CH2 station) we found that the reduced
gravity g’ has typical values on the order of O (103 m s2). The reservoir depth on in the order of O
(10° m), and the Coriolis parameter has values on the order of O (10°s™). These typical values
provided internal wave velocities on the order of O (102m s*) and a Rossby radius of deformation
on the order of O (10 m) which is lower than the width of the reservoir ~ O (10* m). Hence, the
rotational effect should not be neglected, and the Coriolis sub-model was activated during the
simulations.

Prior to the simulations, a sensitivity analysis was conducted to evaluate the influence of
horizontal diffusivity on the modeled thermal structure. This analysis was performed using the
perturbation parameter method [Schladow and Hamilton, 1996] by setting the horizontal diffusivity
parameter values to 50% higher and lower than those found by Pacheco et al. [2011]. The results
of this analysis showed that ELCOM has a low sensitivity to the horizontal diffusivity parameter,
with differences less than 5% among the model results. The period chosen for this simulation was
21 December 2012 to 21 March 2013. However, to spin-up the circulation patterns and water
temperature gradients, the simulation was initiated 10 days before the period of interest (i.e., on 11
December 2012). The time step was set to 90 seconds, which was sufficient to ensure the numerical
stability of the model [Cassuli and Cattani, 1994]. The initial temperature profiles were obtained
through linear interpolation of the thermistor chains at CH1 and CH2 stations. A flat, free surface

was considered at the beginning of the simulation, and the water level was 58 m above sea level.
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After the simulation, the ELCOM results were validated using the water temperature data
acquired by the thermistor chain (CH1 station) and the water surface temperature collected by the
YSI® sonde (SIMA station). The thermistor chain located at CH2 malfunctioned and only collected
data only in the first three days following installation (from 21 December 2012 to 24 December

2012); these data were only used as initial conditions in the model.

3.7. Analysis of the diel surface mixed layer dynamics at the main body of the reservoir
To analyze the effects of MCS on SML dynamics at the main body of the THR we used the

set of equations described in Imberger [1985] and the Wedderburn number W (dimensionless):

(9)

where g’ is the reduced gravitational acceleration due to the density jump across the base of the
mixed layer and is computed using the density profiles simulated by ELCOM at the CH2 station
(m s2), h is the depth of the SML (m), L is the basin length scale in the direction of wind (~ 10000
m) and u=y is the water shear velocity (m s™). The depth of the SML, h (m), was defined as the first
depth where the temperature difference was 0.02 °C relative to the surface temperature (at 0.1 m)
[Maclntyre et al,. 2002] and was computed using the temperature profile simulated by ELCOM at
the CH2 station.

Prior to the W calculation the wind speed time series was averaged by considering the period
of dominant internal waves (H1V1). This period was calculated based on Martin and McCutcheon
[1999] and was found to be approximately 2 days for the THR; the wind speed time series was

averaged every 12 hours (1/4 of the internal wave period). After the W calculation, we used the
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classification scheme presented by Maclntyre [2008] to describe the response of the SML to
environmental forces: (1) W > 10, the wind only mixes the upper layers of a lake, and thermocline
tilting, which is required to induce internal waves, does not occur; (2) 2 < W < 10, partial tilting of
the thermocline occurs and induces shear across the interface, which may induce Kelvin-Helmholtz
billows and turbulence; (3) W ~1, the thermocline upwells; and (4) W << 1, full vertical mixing can
occur.

The velocity scale associated with the generation of mechanical turbulent Kkinetic energy

(TKE) was evaluated using the water shear velocity, u~, (m s™), defined as [Imberger, 1985]:

1/2
e, = (i] (10)

where ris the surface wind stress (Pa) and pw is the surface water density simulated by ELCOM at
the CH2 station (kg m3). However, the velocity scale associated with the convective overturn was

evaluated using the penetrative convection velocity, w= (m s*), defined as [Imberger, 1985]:
Wi = (Bh)L/3 (12)

B is the buoyancy flux (m2 s?) given by:

(12)
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where g is the gravitational acceleration (= 9.8 m s2), « is the water thermal expansion coefficient
between 20 °C and 30 °C, as shown by Maclntyre et al. [2002], Cpw is the specific heat of water (=

4186 J kg K'Y) and H” is the effective surface heat flux (W m2), defined as:
* 20
H =S +Q(0)+Q(h)—FIQ(Z)dZ (13)
h

where S is the surface heat flux computed using the surface meteorology data (= Quwin-
QuwourtQe+Qn, W m2), q(0) is the shortwave radiation at the surface (= (1-asw)Qsw, W m2), and
q(h) is the shortwave radiation at the bottom of the SML (W m™). The radiation penetration into

the water column was computed using Beer’s Law:

q(z) = q(0)e "4 (14)

where Kgq is the attenuation coefficient for the shortwave radiation in the PAR region (= 1.2 m™)
and z is the depth of the water column (m).

In our study we used the mechanical energy flux, Fq (m® s®), in order to investigate what is
the main source of TKE (i.e., wind stirring or surface cooling) controlling the deepening of the

SML during a MCS event. The Fqwas obtained using the following equation [Imberger, 1985]:

Fq = 0.5(w +CJud,) (15)

where Cy is a constant (= 1.33, Imberger, [1985]).
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4.  Results
4.1. Environmental conditions during the summer and MCS events

A notable diel pattern was observed in all meteorological variables monitored during the
summer of 2012-2013. The hourly mean air temperature (Fig. 3a) ranged from 25.3 °C to0 29.0 °C,
with a daily mean air temperature of 26.9 °C for the period. The highest air temperature was
observed at approximately 17:00 h, and the lowest temperature was observed at approximately 7:00
h (local time; -3 GMT). The water surface temperature (Fig. 3b) fluctuated within than 0.5 °C
throughout the day and typically ranged from 29.4 °C to 29.7 °C, with a daily mean water surface
temperature of 29.6 °C for the entire summer.

The wind speed (Fig. 3c) ranged from 1.8 m s to 3.2 m s, with a daily mean value of 2.5
m s, The diel variation exhibited a pattern that was opposite to that of the air temperature, with
the peak wind speed occurring at night (3:00 h) and the minimum occurring in the afternoon
(between 14:00 h and 15:00 h). During the summer, the wind usually flowed from southeast to
northwest during the morning and from south to north in the afternoon.

The atmospheric pressure (Fig. 3d) fluctuated between 996 hPa and 1000 hPa, on average,
throughout the day. The highest atmospheric pressure value was observed at 10:00 h, and the lowest
was observed at 17:00 h. On the synoptic scale, no sign of frontal passages, which are associated
with a significant pressure rise (ahead of the front) and drop (behind the front), were observed in
the dataset. This finding was expected considering the low latitude of the THR and the time of the
year. Consistent with the pattern of the diel variations in the air temperature, the maximum relative
humidity was generally observed at approximately 6:00 h, while the minimum relative humidity
was observed at approximately 16:00 h (Fig 3e). The average values for the maximum and

minimum relative humidity were 84% and 68%, respectively.
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Because of to cloud formation, the peak incident shortwave radiation (Fig. 3f) was frequently
shifted from its normal time at noon to approximately 13:00 h. The average daily maximum
shortwave radiation value was 643 Wm2. However, in cloudless conditions, the peak incident
shortwave radiation can be higher than 1100 Wm. On average, at this time of the year in the study
region, the sunrise and sunset occur approximately 06:00 and 18:00, respectively; thus,
approximately 12 hours of the incident shortwave radiation are available.

The estimated cloud cover over the THR was strongly related to MCS activity during the
summer. Higher values of cloud cover spanned the beginning of the observation period to the
beginning of February. The MCS activity decreased at the end of the summer; thus, the cloud cover
also significantly decreased from the beginning of February to mid-March.

Over the THR, MCS activity occurred on 22 days, which is 24% of the study period. These
events occurred every three- or four-days, and they were observed mostly between 00:00 h and
14:00 h. The mean duration of MCS activity over the Tucurui region was approximately 10 h.
January had the strong MCS activity (11 days; 50% of the total days with MCS events). In contrast,
March had the weakest MCS activity (4 days; 18% of the total). Table 2 shows a summary of the
near-surface meteorology at the THR on the days with and without MCS activity during the study
period. With the exception of the wind speed (p-value = 0.38), all other meteorological variables

were significantly different (p-value < 0.01) on the days with MCS activity.

4.2. Reservoir heat balance

The latent heat (Fig. 4a) is the main surface heat flux component. On average, latent heat
accounted for approximately 60% of the surface energy exchange with the atmosphere. As
expected, the latent heat flux component was always negative, with the reservoir constantly losing

energy to the atmosphere via evaporation. The latent heat flux ranged from -3 W m to -553 W m"
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2 with a mean value of -111 W m™. On the days with MCS activity, the latent heat flux generally
exceeded -300 W m. However, higher fluxes (Qe < -300 W m) were also observed on days
without MCS activity due to high wind events (e.g., 22 December 2012).

The net longwave radiation was negative throughout the study period (Fig. 4b), showing that
the longwave radiation emitted by the reservoir surface was generally higher than the atmospheric
incident longwave radiation. This component of the surface heat balance ranged from -108 W m
to -1 W m, with a mean value of -58 W m2 throughout the summer. The net longwave radiation
flux was the second most important component of the surface heat balance; it accounted for
approximately 32% of the surface energy exchange with the atmosphere. The time series of the net
longwave flux clearly shows the distinct period at the beginning of February when the MCS activity
strongly declined. The net longwave flux was the flux component most strongly correlated with
MCS activity.

The sensible heat flux (Fig. 4c) ranged from -120 W m to 10 W m, with a mean value of
-16 W m™. A few positive values that corresponded to heat gain by the reservoir were observed
during the observation period, generally between 12:00 h and 17:00 h when the air was warmer
than the water. The sensible heat flux was the least important component of the surface heat flux
during the summer of 2012-2013; it accounted for approximately 8% of the total energy released
by the reservoir to the atmosphere.

During the study period the ABL was unstable approximately 99% of the time (Fig. 4d). This
behavior is similar to other tropical lakes and reservoirs [Macintyre et al., 2002; Verburg and
Antenucci, 2010]. The heat flux transfer coefficient (Fig. 4€) ranged from 1.5x107 to 4.0x1073,
with a mean value of 2.1x103. These values are higher than those observed by Verburg and
Antenucci [2010] for Lake Tanganyika (~1.84x107%) and are similar to those reported by Macintyre

et al. [2002] for Lake Victoria; both lakes are in the tropics.
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The heat balance (Fig. 4f) ranged from -772 W m™ to 1033 W m™ during the day, with a
mean value of -8 W m. Therefore, the water column cooled approximately 0.6 °C during the study

period.

4.3. Thermal structure simulation
4.3.1. Model validation

The error analysis for the simulated temperature (Fig. 5) showed that for the two sampled
validation points (the CH1 and SIMA stations; see Fig. 1 for the locations), ELCOM tended to
overestimate (bias < 0) the water temperature in the upper part of the water column (Fig. 5a, b, c)
and underestimate (bias > 0) the water temperature in the deeper layers (Fig. 5d, e, f, g, h, i, j). The
mean absolute error (MAE) ranged from 0.07 °C (2.8% of the range) to 0.29 °C (11.74% of the
range) and the RMSE was lower than 0.4 °C for all of the validation points. The model performed
better in the transition zone than in the main body of the reservoir, with a RMSE range from 0.18
°C (6% of the range) to 0.09 °C (3.5% of the range) and a mean value of 0.12 °C (4.6% of the
range) at the CH1 station; the validation point at the main body of the reservoir (the SIMA station)
had a RMSE of 0.4 °C (~16% of the range). The error values found in this study were similar to
those reported in other modeling studies [Schladow and Hamilton, 1997; Missaghi and Hondzo,
2010; Lee et al., 2013]. Therefore ELCOM performed well when predicting the water column

temperature in the THR.

4.3.2. Spatio-temporal dynamics of the thermal structure
As shown previously, during most of the summer, the THR released energy to the
atmosphere. Hence, the water column cooled down, particularly during January and February,

when the MCS activity was more frequent. During the study period, a persistent thermal gradient
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(~1.5 °C) was observed between the river-reservoir transition zone and the main body of the
reservoir (Figs. 6 and 7). This thermal gradient was enhanced by the Tocantins River inflow, which
is typically 2 °C colder than the reservoir temperature during the summer.

In the main body of the reservoir and in the region near the dam, the vertical thermal structure
showed a similar pattern in which the signal of the seasonal thermocline and the water column were
completely mixed during most of the day (Fig. 6). In these two reservoirs zones, the temperature
difference between the surface and bottom was typically less than 0.5 °C during the night and
morning (Fig. 6a, c), then increased during the day (Fig. 6b, d). In the river-reservoir transition
zone, the thermal structure presented a distinct behavior when compared with the main body of the
reservoir and with the region near the dam. In this zone, the mixing process was mainly governed
by the Tocantins River inflow, and the water column was completely mixed all day.

On the days without MCS events, we observed alternating behavior in the upper part of the
water column (Fig. 6a, b), associated with diurnal stratification and the formation of the SML
during the day. In this case, the temperature difference between the surface and bottom was over
2.5 °C in the afternoon. However, on the days with MCS activity (Fig. 6c, d) the diurnal
stratification was less intense at THR when compared with days without MCS activity; in some
cases, the development of the SML was not observed.

At the reservoir surface (Fig. 7), the water temperature tended to be spatially heterogeneous
all day, and the river-reservoir transition zone was approximately 1.5 °C cooler than the main body
of the reservoir in the morning. This spatial heterogeneity increased during the day and the
difference between the water temperature in the transition zone and main body of the reservoir
reached up to 3 °C on days without MCS activity over the THR (Fig. 7b). However, on the days in
which a MCS occurred over the THR (Fig. 7c, d), the spatial heterogeneity in the surface

temperature was lower when compared with days without MCS activity. In this case, the difference
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between the water surface temperature in the transition zone and in the main body of the reservoir

was approximately 1 °C cooler in the morning and 1.5 °C cooler in the afternoon (Fig. 7c, d).

4.4. Diel behavior of the surface mixed layer at the main body of the THR

During the summer, the W values ranged from 0.383 to 0.001 (Fig. 8a), with a mean value of
0.038, which is indicative of intense mixing between the epilimnion and the hypolimnion and of
upwelling events at the upwind side of the basin. Lower values of W were generally observed
during the night and early morning, when the heat loss by the reservoir surface and the wind force
was higher. The W values tended to increase during the day, indicating detrainment in the mixed
layer, an increase in thermal stratification and a decrease in vertical mixing.

The depth of the SML (Fig. 8b) ranged from 0.2 m to 5 m during the summer, with a mean
depth of 1.1 m. The SML dynamics typically showed three distinct periods during the day, as
described by Imberger [1985]. First, a heating phase (stage 1) generally occurred between 10:00 h
and 16:00 h. During this stage, the input energy provided by the sun stabilized the SML and
confined it to the top few centimeters of the water column (~0.3 m). As a result, the water warmed
approximately 1.5 °C (from 28.9 to 30.4 °C, see Fig. 3b). The isotherms show the formation of a
strong, shallow diurnal thermocline during the heating phase, with the surface temperature reaching
a maximum at approximately 16:00 h.

The increase in the wind speed in the late afternoon (see Fig. 3c) approximately 16:00 h,
marks the start of the sea breeze deepening period (stage 2). During this stage, the wind speed was
higher than 3 m s destroying the strong thermal gradient formed during stage 1. In response to the
wind forcing, the isotherms at the base of the SML tilted and the SML deepened. The maximum
tilt of the diel thermocline was observed at approximately 19:00 h, which is approximately three

hours after the wind speeds began to increase. The sea breeze deepening period ended in the middle
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of the night, between 01:00 h and 03:00 h, when the wind speed began to decrease. At the end of
this stage, the SML thermocline reached a new equilibrium position around a depth of 1.4 m.

As shown in Fig. 3a and c, during the late night and early morning the air temperature and
wind speed decreased over the THR, reaching values of approximately 1.7 m s* and 25 °C,
respectively. The calm conditions, along with the drop in the air temperature (~5 °C), initiates the
convective cooling period (stage 3). In this case, the deepening of the SML was dominated by
natural convective processes. The SML reached its maximum depth, typically 2.5 m, at the end of
convective cooling period, between 08:00 h and 09:00 h (Fig. 8b).

Figures 8c and d shows the mean diel variation in the water shear velocity scale, u~w, and the
penetrative convection velocity scale, w«, associated with the generation of TKE in the summer.
The values of u~y ranged from 0 cm s to 1.5 cm s, with mean a value of 0.4 cm s™. The values
of w= ranged from 0.1 cm s™ to 1 cm s, with a mean value of 0.5 cm s%. These two velocity scales
showed similar behavior during the day in which higher values occurred during the night and early
morning and lower values occurred during the afternoon. The w«values are higher than u=y all day,
indicating that during a typical summer day, most TKE available for mixing the water column is
generated by convection of the water column. The convective (h/w=) timescale of the vertical
mixing within the SML ranged between 87 s and 2445 s, with a mean value of 286 s; the shear
(h/u~w) timescales ranged from O s to 18090 s, with a mean value of 493 s. The two timescales
exhibited distinct behaviors during the days in which the convective timescale exhibited a single
peak (at approximately 09:00 h), while the shear timescale exhibited two peaks (at 09:00 h and
20:00 h).

The energy flux into the SML, Fq, ranged from 0 m3s3to 4.4 x 10 m3 s with a mean value
of 1.8 x 10" m3 s (Fig. 8e). Higher values were observed in the late evening and overnight due to

high wind speeds and convection induced by the surface cooling (high buoyancy flux). However,
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lower values were observed during the afternoon due to the low wind speeds and low buoyancy
flux. The surface cooling was the main process contributing to the flux of TKE into the SML; it
accounted for 56% of the energy input during the day, on average. The wind shear also contributed

to the energy flux and accounted for 44% of the total energy input.

5. Discussion
5.1. Impacts of MCS activity on the heat balance components

It is well known that the exchange of heat between an open water surface and the overlying
atmosphere is influenced by environmental factors such as the wind speed, air temperature and
relative humidity [Imberger and Patterson, 1989; Macintyre et al., 2002; Verburg and Antenucci,
2010]. Therefore, subtle changes in the near-surface meteorology, usually in the cloud cover and
incident shortwave radiation, caused by the MCS activity over the THR (see Table 2) impacted the
heat fluxes. To investigate the impacts of MCS on heat fluxes on a diel time scale, we computed
the hourly mean heat fluxes for days with and without MCS activity over the THR (Fig. 9).

The latent heat flux typically ranged from -147 W m™ to -84 W m on the days with MCS
events (Fig. 9a). The hourly mean latent heat flux on these days was approximately -113 W m™. In
contrast, on the days with MCS activity, the latent heat flux ranged from -144 W m?2to -74 W m-
2 with a mean value of -108 W m™. During the days with MCS activity, the mean latent heat flux
was enhanced by approximately 4.6% compared with days without MCS events.

The net longwave energy flux (Fig. 9b) behaved in the opposite manner to the latent heat
flux, i.e., the longwave energy loss decreased on days with MCS activity. On the days with MCS
events, the net longwave flux ranged, on average, from -53 W m to -27 W m2, with an hourly
mean value of -38 W m. Conversely, on the days without MCS activity, the net longwave flux

ranged, on average, from -75 W m to -53 W m, with a mean value of -64 W m. The mean net
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longwave flux decreased (in absolute values) by approximately 40.6% on the days with MCS
events. This reduction is the result of an increase in the atmospheric incident longwave radiation
due to the growth of cloud cover and a reduction in longwave radiation emitted by the colder
reservoir water.

The sensible heat flux behaved similarly to the latent heat flux, i.e., increased on the days
with MCS activity over the reservoir (Fig. 9¢). The sensible heat flux ranged, on average, from -7
W m to -29 W m2, with a mean value of -18 W m, on the days with MCS activity. On the days
without MCS events, the sensible heat flux ranged from -1 W m?to -28 W m™, with a mean value
of -14 W m. The MCS events enhanced the sensible heat loss by approximately 28.6%.

The reservoir diel heat balance (Fig. 9d) was strongly affected by MCS. On the days whith
MCS activity over the reservoir, the heat balance was typically negative, i.e., the reservoir acted as
an energy source for the atmosphere. The heat balance ranged, on average, from -233 W m~ to 333
W m2, with a mean value of -41 W m™, on the days with MCS events. On the days without MCS
events, the heat balance ranged, on average, from -260 W m to 608 W m2, with a mean value of
31 W m=. Note that the MCS events changed no only the magnitude of the heat balance but also
the cooling period extent, which was an average of 1 hour longer than on the days without MCS
events. This reduction in the heating period was also observed by Curtarelli et al. [2014] in a
tropical reservoir located in central Brazil during cold front.

Table 3 summarizes the daily mean values of the heat balance components for the days with
and without MCS activity over the THR. As also observed by Maclntyre [2012] for tropical lakes
in Africa, the changes observed in the heat balance components during MCS activity over the THR
were mainly driven by the increase in the cloud cover, which strongly reduced the incident
shortwave radiation over the water. The increase in the wind speed and the decrease in the air

temperature played a secondary role in such cases.

27



The impacts of MCS events on the heat balance at THR are similar to the impacts of
wintertime cold fronts on tropical reservoirs in southeastern and central Brazil [Curtarelli et al.,
2014]. Both meteorological phenomena are able to enhance the heat loss by more than 100% when
compared with the heat flux on the days without the events. However, the impacts on each heat
balance component differ. The net longwave flux is the heat loss component most impacted under
MCS conditions (increase of 40.6%), while the sensible heat flux is most impacted (increase of

77%) under cold front conditions. .

5.2. Impacts of MCS on surface mixed layer dynamics

In response to the changes in the near-surface meteorology and in the reservoir heat balance,
which becomes negative (reservoir heat loss), the SML dynamics exhibited a distinct behavior on
the days with MCS activity compared with the days without MCS activity (Fig. 10). Typically, on
the days without MCS (Fig. 10a), the SML depth ranged from 0.6 m to 2.4 m, with a mean depth
of 1.3 m. However, on the days with MCS activity (Fig. 10b), the SML depth ranged from 1 m to
2.7 m, with a mean depth of 1.6 m (24% increase). This finding is related to the effective heat flux,
which is generally 28% higher (in absolute values) on the days with MCS activity; a daily mean
value of -77 W m occurs under MCS condition.

The MCS activity over the THR changed not only the depth of the SML but also the temporal
dynamics during the day. All three SML stages identified in the section 4.4 (i.e., heating phase, sea
breeze deepening and convective cooling) changed under the MCS conditions. First, the heating
phase shortened on a MCS day. The phase began approximately 1.5 h later and ended
approximately 1.5 h before if compared with a day without a MCS event. The sea breeze deepening
stage was also delayed; it generally began (ended) 1.5 h to 2 h later (earlier) when compared with

the days with MCS events. The maximum depth of the SML during the convective cooling period,
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which was delayed by approximately 1 h on the days with MCS events, generally occurred at 10:30
h.

The penetrative entrainment velocity scale was typically higher (~30% higher) than the water
shear velocity scale all day in both situations, with or without MCS activity (Fig. 10c, d); therefore
the SML deepening was dominated by surface cooling processes instead of wind forcing at the
surface. The occurrence of MCS over the THR did not change the water shear velocity scale, which
ranged from 0.2 cm s to 0.4 cm st with a mean value of 0.3 cm st in both situations (days with
or without MCS activity). However, the penetrative entrainment velocity scale was affected by the
occurrence of MCS; it increased approximately 25%, from 0.4 cm s to 0.5 cm s (mean daily
value).

On days with MCS activity, penetrative entrainment due to mixing mechanisms was
responsible for approximately 60% of the energy input to the SML (~1 x 10" m3 s3). The timescale
of mixing due to surface cooling, between 1 and 10 minutes, tended to be faster than that due to
the wind. The deepening SML on the MCS days contributed to the increase in the duration of the
mixing induced by the wind, which was nearly 25 minutes on MCS days.

5.3. Possible impacts of MCS activity on water quality and greenhouse gas emissions

As shown in the previous sections, when a MCS passes over the THR, significant changes
are observed in the local energy balance (Fig. 9) and SML dynamics (Fig. 10). Hence, changes are
expected in the water quality and greenhouse gas (GHG) emissions of the THR during MCS events.
For Artic and midlatitude lakes, Eugster et al., [2003] showed that there are significant differences
in greenhouse gases emissions between non-convective and convective conditions over the lakes.
The carbon dioxide (CO2) fluxes can be approximately 5 times higher during periods with

penetrative convection when compared with stably stratified periods. The observed increases in the
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CO: fluxes during convective conditions are also related to the entrainment of metalimnetic water
which can increase the gas concentration in the SML.

For tropical lakes and reservoirs, Tundisi et al. [2010] proposed a model for phytoplankton
succession based on the instability in the water column and the occurrence of meteorological
disturbances over southeastern Brazilian reservoirs. The authors showed that changes in sunlight
and increases in nutrients related to the intense vertical mixing during meteorological disturbances
create a pre algae bloom condition in the upper part of a water column.

The results of the present study, when considering the results of Eugster et al. [2003] and
Tundisi et al. [2010], indicate that MCS can be important events that affect the water quality and
GHG emissions in the THR and in Amazonian reservoirs and lakes. This effect is expected to be
maximized during the austral summer when MCS are more frequent compared with the austral
winter. The increase in convection, the deepening of the SML, and the full water column mixing
induced by MCS occurrence may be the key physical processes that drive the water quality and the
GHG emissions of Amazonian lakes and reservoirs. Therefore, we suggest that further studies on
water quality and GHG emissions conducted at Amazonian water bodies should account for the
effects of these meteorological phenomena.

6. Summary and Conclusions

In this study we evaluated the effects of MCS on the heat balance and SML dynamics of a
large hydroelectric reservoir located in the Brazilian Amazon during the austral summer. We used
in situ data and remote sensing products to identify the occurrence of MCS activity over THR
during the summer of 2013, and we used a 3D hydrodynamic model to simulate the SML response
to these events. The main conclusions are as follow:

MCS are important events that control the heat balance and SML dynamics of the THR

reservoir during the austral summer. These events are frequent over the THR during the summer;
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they occur on more than 20% of the days in the season. MCS are often associated with an increase
in the cloud cover fraction and a decrease in the incident shortwave radiation and air temperature
over the THR. In response to these meteorological changes, the diel heat balance changes, with
greater heat loss from the reservoir to the atmosphere and a cooler water surface. The incident
shortwave radiation, sensible heat and net longwave fluxes are the most strongly affected
components of the heat balance during the MCS activity.

The SML dynamics exhibited two distinct behaviors during the summer, depending on the
presence/absence of MCS events. MCS over the THR contribute to deep SML, i.e., up to 3 m depth.
Surface cooling is the main physical process driving the SML dynamics in the THR, and
penetrative entrainment is responsible for approximately 60% of the energy input to the SML
during a MCS event.

The effects of MCS events on the energy balance and SML dynamics of Amazonian
reservoirs are similar to those described by Curtarelli et al., [2014] for tropical hydroelectric
reservoirs located in southeastern Brazil that are subject to cold front incursions during the austral
winter. However, the cold front passages over the southeastern reservoirs have a stronger impact
on the energy balance and SML dynamics than the MCS events over the Amazonian reservoirs.

The results in this study indicate that the MCS are one of the main meteorological
phenomena that drive the physical processes in the Amazonian hydroelectric reservoirs and lakes
during the summer. Hence, the occurrence of MCS events over these aquatic systems may have
several implications for the local water quality (e.g., creating pre-algae bloom conditions) and GHG
emissions. Therefore, further studies are needed to understand and quantify the effects of MCS
events on ecological and biogeochemical processes, such as, the primary production and GHG

emissions.
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Table 1. Technical specification of the SIMA sensors.

Sensor Manufacturer/Model Range Accuracy  Height
_ -40t0 60 °C +03°C
Thermo hygrometer Rotronic MP 101A 3m
0 to 100% +1%
0to 100 ms* +0.3ms?
Anemometer RM Young 05106 3m
0 to 360° + 3°
Pyranometer Novalynx 840-8102 0 to 1500 W m™ <1Wm? 3m
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+ 0.3 hPa at
20°C

Barometric pressure Vaisala PTB 110 800 to 1060 hPa 3m

Table 2. Statistical summary of surface meteorology in the days with and without MCS activity

over THR (from 21 December 2012 to 21 March 2013).

Variables MCES days
Mean Max. Min. S.D.
Wind speed (m s™) 25 7.8 0.0 1.6
Wind direction (°) 164 357 0 130
Air temperature (°C) 26.6 31.1 23.2 1.5
Relative humidity (%) 80 90 62 5
Atm. pressure (hPa) 999 1003 994 2
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Shortwave radiation (W m?) 132 797 0 201
Cloud cover (%) 65 100 0 37
Water surface temperature (°C) 29 31 28 1
Variables no MES d?ys
Mean Max. Min. S.D.
Wind speed (m s™) 25 11.4 0.0 1.6
Wind direction (°) 151 357 0 131
Air temperature (°C) 27.1 31.7 22.8 1.9
Relative humidity (%) 77 90 56 7
Atm. pressure (hPa) 999 1003 994 1.7
Shortwave radiation (W m?) 215 1152 0 311
Cloud cover (%) 20 100 0 30
Water surface temperature (°C) 30 31 28 1

Table 3. Mean values of heat balance components computed for the days with and without MCS

activity over Tucurui reservoir.

Daily mean values Difference
Heat balance component MCS Non MCS
W m? %
days days
Shortwave incident (W m) 128 217 -89 41
Latent heat flux (W m) -113 -108 5 4.6
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Longwave incident (W m) 425 399 26 6.5

Longwave emitted (W m) -463 -463 0 0.0

Net longwave flux (W m) -38 -64 -26 40.6

Sensible heat flux (W m?) -18 -14 4 28.6
Heat balance (W m) -41 31 72 232.3

Figure captions

Figure 1. Study area. (a) Location on South America and (b) Tucurui Hydroelectric Reservoir

boundaries and bathymetry.
Figure 2. Examples of MCS identified using the ForTraCC algorithm. (a) 18 January 2013

11:15 h, (b) 28 January 2013 07:00 h, (c) 22 February 18:30 h and (d) 16 March 2013 19:45 h. The

43



red circle indicates the THR location. The color code indicates the stage of the life cycle of the
MCS.

Figure 3. Mean diel variation of near-surface meteorology computed for the whole period,
days with and without MCS activity over THR: (a) air temperature, (b) water surface temperature
(c) wind speed at 10 m, (d) atmospheric pressure, (e) relative humidity, (f) incident shortwave
radiation.

Figure 4. Time series of (a) latent heat flux, (b) net longwave radiation, (c) sensible heat flux
and (d) stability parameter, (e) latent and sensible heat transfer coefficient and (f) total heat balance,
computed for the whole analyzed period.

Figure 5. Three-dimensional model validation: (a) SIMA station, and CH1 station at a depth
of(b)Im,(c)3m,(d)4dm,(e)5m, (f)6m,(g) 7m, (h)8m, (i) L0 mand (j) 11 m.

Figure 6. Spatio-temporal dynamics of the water column temperature simulated by
ELCOM along the latitudinal transect AA’ (see Figure 1) during a day without MCS activity (a)
4 February 2013 at 09:00 h and (b) 4 February 2013 at 16:00 h, and a day with MCS activity (c) 7
February 2013 at 09:00 h and (d) 7 February 2013 at 16:00 h.

Figure 7. Spatio-temporal dynamics of the simulated water surface at 0.1 m depth during a
day without MCS activity (a) 4 February 2013 at 09:00 h and (b) 4 February 2013 at 16:00 h, and
a day with MCS activity (c) 7 February 2013 at 09:00 h and (d) 7 February 2013 at 16:00 h.

Figure 8. Time series of (a) 12 hour averaged Wedderburn number, (b) SML depth, (c)
penetrative entrainment and wind shear velocity scales and (d) energy flux into SML, computed
for the whole analyzed period.

Figure 9. Diel variation of (a) latent heat flux, (b) longwave net radiation, (c) sensible heat
flux and (d) total heat balance, computed for the whole season, days with and without MCS activity

over THR.
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Figure 10. SML diel dynamics simulated by ELCOM at main body of THR (CH2 station):
isotherms displacements during the days (a) without MCS and (b) with MCS over THR; penetrative
entrainment and wind shear velocity scales during the days (c) without MCS and (d) with MCS

over THR.
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