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ABSTRACT
Matter and energy flux dynamics of wetlands are important to understand environmental processes that 
govern biosphere-atmosphere interactions across ecosystems. This study presents analyses about hourly 
interaction between wind speed and energy fluxes in Brazilian Wetlands – Mato Grosso - Brazil. This 
study was conducted in Private Reserve of Natural Heritage (PRNH SESC, 16º39’50’’S; 56º47’50’’W) in 
Brazilian Wetland. According to Curado et al. (2012), the wet season occurs between the months of January 
and April, while the June to September time period is the dry season. Results presented same patterns in 
energies fluxes in all period studied. Wind speed and air temperature presented same patterns, while LE 
was relative humidity presented inverse patterns of the air temperature. LE was predominant in all seasons 
and the sum of LE and H was above 90% of net radiation. Analyses of linear regression presented positive 
interactions between wind speed and LE, and wind speed and H in all seasons, except in dry season of 
2010. Confidence coefficient regression analyses present statistical significance in all wet and dry seasons, 
except dry season of 2010, suggest that LE and H had interaction with other micrometeorological variables.
Key words: Energy balance, latent heat flux, linear regression, micrometeorology, Pantanal, sensible heat 
flux.
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INTRODUCTION

The state of Mato Grosso contains three of main 
biomes of South America: the Amazon rainforest, 
the Cerrado (or savanna) and the Pantanal wetland 
(Rodrigues et al. 2013, 2014) The last two biomes 
have gained attention from researchers studying 

phenomena which promote balance between human 
and environmental activities. Because of the flow 
dynamics of matter and energy in these biomes, 
the cerrado and Pantanal are highly relevant for 
gaining a deeper understanding of environmental 
processes that govern the biosphere-atmosphere 
interactions across ecosystems (Curado et al. 2016, 
Rodrigues et al. 2016).
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The Pantanal is a complex ecological mosaic 
that contains large areas of woody vegetation 
that are subject to periodic inundation, including 
areas of invasive trees dominated by Vochysia 
divergens (Vochysiaceae), Scheelea phalerata 
(Arecaceae), Anadenanthera macrocarpa and 
Astronium urundeuva (Anacardiaceae), Bromelia 
sp. (Bromeliaceae), Guadua sp. (Taboca/Poaceae), 
Attalea phalerata, Copernicia alba, Combretum 
laxum, and Byrsonima orbignyana (Haase and 
Haase 1995, Damasceno-Júnior et al. 2005, Junk 
et al. 2006).

Climate and vegetation strongly influence 
the water cycle from local to regional scales. In 
addition to impacts on the partition of energy 
balance in the region, changes in surface energy 
and water balance can have a significant impact on 
local water availability, especially in dry climatic 
regions (Lenters et al. 2011).

The quantification of latent heat (LE) and 
sensible heat (H) by the Bowen ratio method 
have been widely used in the last decade, mainly 
for determining the energy balance for studies 
on energy dynamics of forest and management 
availability of water for certain crops by ET (Alves 
and Pereira 2000, Hayashi et al. 2002, Chen et al. 
2009, Giambelluca et al. 2009, Rodrigues et al. 
2013).

The energy balance is based on the principle 
of conservation of energy and relate energy flow 
densities available in the vegetation (net radiation) 
to energy use, especially in the evaporation LE 
and H with noted variations of air temperature and 
soil (Pereira et al. 2002, Rodrigues et al. 2014). 
Micrometeorological methods can quantify these 
flows and assess the transformation of radiant 
energy into LE and H, thus representing the 
accounts of these interactions. 

LE and H are important parameters that 
directly drive variations in climate and can, in 
turn, alter the environmental variables driving 
mass and energy exchanges between the ground 

and the atmosphere (Falge et al. 2005, Rodrigues 
et al. 2013). Thus, LE and H fluxes are important 
variables in meteorological, hydrological and 
ecological analyses. By dividing energy flux 
components into LE and H, we can determine the 
water vapor and heat content of the atmosphere 
and, by extension, better understand regional and 
global scale climatological processes (Rodrigues 
et al. 2016).

Local wind speed variations lead to spatially 
varying turbulent heat fluxes, which can be 
significantly under or overestimated if the spatial 
variations in wind speed are neglected. While 
this is qualitatively known, most applications of 
distributed hydrological energy-balance (EB) 
models neglect the systematic influence of local 
terrain on wind speed variations (Dadic et al. 
2013). Marks and Dozier (1992) and Marks and 
Winstral (2001) found that higher wind speed at 
wind-exposed sites leads to a significant increase 
(30%) in turbulent fluxes and therefore to higher 
mass fluxes than at sheltered sites with low wind 
speed.

At present, the current knowledge on wetland 
ecosystem energy balance is confined to temperate, 
boreal, and arctic zones, with data principally 
collected only during the growing season. Little 
is known about energy exchanges in wetlands of 
the tropics and subtropics where seasonality is best 
characterized by wet and dry seasons. The potential 
for year-round plant growth at low latitudes is 
likely to affect wetland energy balance differently 
during wet and dry periods of the year, as has been 
observed in some tropical terrestrial ecosystems 
(Malhi et al. 2002, Von Randow et al. 2004, 
Vourlitis et al. 2008).

Energy, water, and carbon cycles in forest 
ecosystems are tightly coupled through ET 
processes (Law et al. 2002, Noormets et al. 2006). 
Although land managers are more interested 
in water and carbon balances, quantifying 
forest energy balance offers insights into how 
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management affects the forest microclimate and the 
feedbacks of land use change to climate change at a 
regional scale. (Restrepo and Arain 2005, Pielke et 
al. 2007, Curado et al. 2014, Rodrigues et al. 2014). 
Uncertainty about the combined consequences of 
afforestation or deforestation on regional climate 
and greenhouse gas emissions indicates the need 
for more research on the physical effects of forest 
management (Da Rocha et al. 2004, Bala et al. 
2007, Juang et al. 2007).

According to Sanches et al. (2011), the 
high rates of ET are due in part to high water 
availability, even during the dry season, as well as 
the consistently high leaf area index (LAI) values of 
the Vochysia divergens, Pohl canopy that increases 
the transpiration surface area during the dry season 
when the water table is below the soil surface. 
Future research should aim to better quantify these 
impacts by expanding measurements to wetland 
areas that have not yet been invaded by Vochysia 
divergens, Pohl, and by modeling the future spread.

The purpose of this study is to evaluate the 
hourly interaction between wind speed and energy 
fluxes in Brazilian Wetlands – Mato Grosso – 
Brazil.

MATERIALS AND METHODS

STUDY AREA

This study was conducted in an area located in 
the Private Reserve of Natural Heritage (PRNH 
SESC) Pantanal of Barão de Melgaço, Mato 
Grosso, Brazil located 160 km south of Cuiabá. 
A micrometeorological tower was installed at a 
height of 32 m (16º39’50’’S, 56º47’50’’W) and 120 
m. The area’s vegetation is dominantly Vochysia 
divergens, Pohl, locally known as cambarazal, 
with canopy heights ranging from 28 to 30 m.

MICROMETEOROLOGICAL MEASUREMENTS 

Net radiation was measured using a net radiometer 
(Kipp & Zonen Delft, Inc., Holland), and the soil 

heat flux was measured  using two fluxmeters 
(HFT-3.1, REBS, Inc., Seattle, Washington) 
installed at 0.05 m and 0.25 m depths. The gradients 
of temperature and humidity were estimated for 
two thermohygrometer (HMP 45C, Vaisala, Inc., 
Helsinki, Finland) installed at 33.7 m and 37.7 m 
height from the micrometeorological tower. Wind 
speed was measured using a anemometer - A-014 
wind speed Sensor Met One Instruments, Inc., 
USA.

CALCULATIONS

The energy balance equation was used as an 
alternative for obtaining data of LE flux. According 
to Amiro (2009), LE obtained from energy balance 
is a viable option when good data is available 
(Rodrigues et al. 2013). The energy balance 
is shown in equation 1. However, the portions 
intended for photosynthesis (P) and store energy in 
the vegetation (S) may be disregarded (Rodrigues 
et al. 2013) because the magnitude is much smaller 
than the other portions, as equation (2).

	 (1)

	 (2)

Where Rn is net radiation, LE is the latent heat 
flux, H the sensible heat flux, and G the soil heat 
flux. All variables are expressed in Wm-2.

H was obtained using the Bowen ratio method 
(equation 3). Errors in the estimated values were 
minimized using conditions proposed by Perez et 
al. (1999, 2008).

	
(3)

	
(4)

Where β is the Bowen ratio (equation 4), ΔT is 
temperature difference (°C) between two heights, 
Δe is the vapor pressure difference (kPa) and γ is 
the psychrometric constant (kPa.°C-1) .
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STATISTIC

In interactions analyses between wind speed, LE 
and H used linear regression, using model type: y = 
a + bx, where y is dependent variable, x independent 
variable, a and b are regression coefficient. 

RESULTS AND DISCUSSION

MICROCLIMATIC VARIABLES IN WET AND DRY 
SEASONS

According to Curado et al. (2012), the wet season 
occurs between the months of January and April, 
while the June to September time period is the dry 
season between the years 2007-2010. Danelichen et 
al. (2013) obtained precipitation values through an 
TRMM satellite and detected that Pantanal presents 
precipitation defined with higher precipitation in 
wet season and lower or no precipitation in dry 
season.

Table I presents higher and lower hourly values 
of energy fluxes (Rg, Rn, LE and H),  in W.m-2, air 
temperature (T), in ºC, relative humidity (RH), in 
(%) and wind speed (U), in m.s-1 in wet and dry 
seasons between 2007-2010.

Figures 1 and 2 present the seasonal hourly 
values of micrometeorological data such as wind 
speed, global radiation (Rg), air temperature 
(T) and relativity humidity characteristic of the 
Pantanal ecosystem. 

According to Figure 1, we note that the values 
of global radiation describe the same pattern in 
all time periods studied: starting around 6 hours 
and ending around 18 hours with lower values 
occurring at these times and having its maximum 
around noon. This pattern is due to the daily period 
of the Sun, since the solar radiation reaching the 
surface is dependent on the apparent daily motion 
of the Sun. The fact that higher values of solar 
radiation occur near noon is because at this time 
the sun’s rays fall perpendicularly to the surface, 
because noon is the time when the solar inclination 
angle is the maximum possible.

The pattern of global radiation affected the 
patterns of local temperature, we note that during 
early morning the temperature has lower values, 
that is because at early morning, the ground surface 
is a little heated due to heat loss by night soil 
(Novais et al. 2012), and yet has little radiation 
reaching the surface in this moment, this pattern 
is repeated at late afternoon, with the temperature 
decrease due to decreased overall radiation, but even 
lowering the temperature value at late afternoon, it 
still remains higher than the temperature at early 
morning, because the soil is still heated due to 
radiation throughout the day, so heating the air. 
Late afternoon is when the surface soil begins the 
process of heat loss which remains throughout the 
night, obeying its daily cycle.

An important factor is to portray the lag in 
time between the maximum global radiation and 
the maximum temperature than occurs around 14 
hours, the maximum air temperature occurs around 
two hours after the maximum of the incident solar 
radiation on the surface, this is because the time 
for solar radiation interacts with the soil surface. 
So, soil surface stays heating and it heats the 
adjacent air layers and thus reaching the layer of 
air of the measuring equipment, so occurs the lag 
time between maximum of solar radiation and air 
temperature.

About relative humidity had inverse pattern 
of the temperature with higher values ​​in the 
early morning and lower values ​​coinciding with 
the maximum air temperature time, it is because 
according to the laws of thermodynamics to raise 
the temperature of a given parcel of air, this parcel 
of air should increase its volume, so that swelling 
of the air parcel at times of peak temperature 
decreases the ratio of the water content contained 
in this parcel of air and the volume of the parcel, 
thus lowering the relative humidity, at periods 
when the temperature is lower, like for example, 
at early morning, this reason has its greatest value 
causing higher values ​​of relative humidity.
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Table
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Figure 2 presents hourly values of wind speed 
between 2007-2010. Wind speed presents the 
same air temperature patterns with lower values in 

early morning and late afternoon, higher values in 
wind speed occurs between 10:00 and 13:30 in all 
periods.

Figure 1 - Patters of the hourly data global radiation (Rg), air temperature (T) and relative humidity in wet and dry seasons for the 
Brazilian Wetlands in Mato Grosso-Brazil during the study period. Global radiation (a), air temperature (b), and relative humidity 
(c) in wet seasons between 2008-2010. Global radiation (d), air temperature (e) and relative humidity (f) in dry seasons between 
2007-2010.
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HOURLY VARIATIONS IN ENERGIES FLUXES: RN, 
LE AND H

Figure 3 presents patterns of Rn, LE and H in 
wet and dry seasons between 2007-2010. These 
patterns is similar solar radiation patterns (Figure 
1), note that hourly values is lower in dry seasons, 
it is due time of year. In local study, dry season 
occurs between winter and spring, where global 

radiation is lower, so this factor affects net radiation 
and energy partition.  

According to Figures 4 and 5, LE is prevalent 
in all periods from 2007 to 2010, including the dry 
seasons, indicating that this variable is the most 
important energy partition in the biome, which it 
is the largest contribution to the partition of energy 
Cambarazal. The highest rates of LE during this 

Figure 2 - Patters of the hourly data wind speed in wet and dry seasons for the Brazilian 
Wetlands in Mato Grosso-Brazil during the study period. (a) Wind speed in wet seasons 
between 2007-2010. (b) Wind speed in dry seasons between 2007-2010.
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period reflects the increased availability of soil 
water due to higher precipitation (Nobre et al. 
1996, Priante Filho et al. 2004, Rodrigues et al. 
2013). Sun et al. (2010) studying in loblolly pine 
plantations, North Carolina, USA and Lenters et 
al. (2011) in a study of wetlands in Nebraska, USA 

found similar patterns with increasing H and LE 
decreased in the dry season. This indicates the great 
change in the values of these fluxes with less abrupt 
changes in the rainy season indicating that rainfall 
is a factor in the patterns of the energy flux in the 
region.

Figure 3 - Patters of the hourly data net radiation (Rn), latent heat flux (LE) and sensible heat flux (H) in wet and dry seasons for 
the Brazilian Wetlands in Mato Grosso-Brazil during the study period. Net radiation (a), latent flux (b) and sensible heat flux (c) 
in wet seasons between 2007-2010. Net radiation (d), latent flux (e) and sensible heat flux (f) in dry seasons between 2007-2010.



An Acad Bras Cienc (2016) 88 (4)

	 INTERACTION BETWEEN WIND SPEED AND ENERGY FLUXES	 2203

Figure 4 - Patters of the hourly energy partition in wet seasons for the Brazilian Wetlands in Mato Grosso-
Brazil during the study period, 2007 (a), 2008 (b), 2009 (c) and 2010 (d).

Figure 5 - Patters of the hourly energy partition in dry seasons for the Brazilian Wetlands in Mato Grosso-
Brazil during the study period, 2007 (a), 2008 (b), 2009 (c) and 2010 (d).
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Sanches et al. (2011) found similar patterns in 
the same study area. These authors have reported 
that given the relatively high level of water at 
the study site, the decline in LE during the dry 
period was presumably caused most by a decline 
in soil evaporation rather than by a decrease in 
transpiration of trees (due to the increased amount 
of flood water during the rainy season). Similar 
results were observed in wetlands of Everglade 
humid subtropical (Shoemaker and Sumner 
2006). These results suggest that patterns of LE 
for Cambarazal are more similar to the lowland 
Amazon rainforest than other tropical forests in 
the same region (Rodrigues et al. 2011). These 
authors also report that even in times with little 
or no precipitation the Cambarazal has a high 
transpiration rate probably the trees of the site can 
absorb deep water, maintaining a high perspiration 
even in periods of low rainfall (Rodrigues et al. 
2011).

Other environmental factors influencing 
H and LE vary seasonally and are at least partly 
under human control. Higher water content in the 
atmosphere and in the soil, and larger solar radiation 
during this season contribute to soil evaporation 
and plant transpiration, in turn, leading to greater 
LE flux at the site.  

In all periods the sum of LE and H were above 
90% of Rn, indicating that these variables are 
responsible for the consumption of almost all the 
available energy balance partition.

REGRESSIONS BETWEEN WIND SPEED, LE AND H

Hourly interaction between wind speed and energy 
fluxes in Brazilian Wetlands – Mato Grosso – Brazil 
were done through linear regression between wind 
speed, LE and H. Figures 6 and 7 present Linear 
regression in wet seasons.

According to Figures 6 and 7 there was a 
linear interaction between wind speed and energies 
flux partition: LE and H in all wet seasons. In all 
seasons presented linear regression with positive 
angular coefficient indicating positive correlation 

between wind speed, LE and H, i.e. as there was an 
increase in wind speed LE and also increased about 
regression, in all wet seasons occurred high values 
of R2. Figures 8 and 9 present Linear regression in 
dry seasons.

Linear regressions between wind speed, LE 
and H in dry seasons were similar in wet seasons 
presenting positive correlation and high values R2, 
except in 2010. So, the wind speed is an important 
factor in latent heat flux and sensible heat flux in 
wet and dry seasons. Table II presents significance 
(p<0.05) of regression coefficient indicated in 
Figures 6, 7, 8 and 9. Note that in all periods 
studied (except dry season of 2010) coefficients 
a and b present statistical significance according 
to confidence interval, indicating that linear 
regressions presented are reliable and can be used 
in interactions studies about wind speed, LE and H.

These results suggest there was a linear inter-
action between wind speed and LE, wind speed and 
H in wet and dry seasons in Brazilian Pantanal. So, 
maybe is possible a greater understand about pat-
terns energies partition: LE and H and their interac-
tion with other micrometeorological variables.

CONCLUSIONS

The patterns energies fluxes: Rg, Rn, LE and H 
presented similar in all period with higher values 
around noon and lower values in early morning and 
late afternoon.

Wind speed presents similar patterns of air 
temperature with higher values between 10:00 and 
15:00, while relative humidity presented inverse 
patterns with higher values in early morning 
and lower values coinciding with maximum air 
temperature values.

The patterns of LE and H presented higher 
LE values ​​in all periods, including dry seasons. 
The sum of LE and H was above 95% of Rn in 
all periods, indicating that these variables are 
responsible for the consumption of almost all the 
available energy balance partition.
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Figure 6 - Linear regression (+95% confidence interval) between wind speed, latent heat flux and sensible heat 
flux in wet seasons in 2007 and 2008 for the Brazilian Wetlands in Mato Grosso-Brazil.

Figure 7 - Linear regression (+95% confidence interval) between wind speed, latent heat flux and sensible heat 
flux in wet seasons in 2009 and 2010 for the Brazilian Wetlands in Mato Grosso-Brazil.
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Figure 9 - Linear regression (+95% confidence interval) between wind speed, latent heat flux and sensible heat 
flux in dry seasons in 2009 and 2010 for the Brazilian Wetlands in Mato Grosso-Brazil. 

Figure 8 - Linear regression (+95% confidence interval) between wind speed, latent heat flux and sensible heat 
flux in dry seasons in 2007 and 2008 for the Brazilian Wetlands in Mato Grosso-Brazil.
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Linear regression analyses present positive 
interactions between wind speed and LE, wind speed 
and H. Confidence coefficient regression analyses 
present statistical significance in all wet and dry 
seasons, except dry season of 2010, suggest the LE 
and H interaction with other micrometeorological 
variables.
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