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a b s t r a c t

The spatial and temporal variations in the partitioning of energy into latent (LE) and sensible (H) heat flux
for tropical ecosystems are not yet fully understood. In the state of Mato Grosso State, Brazil, there are
three different ecosystems (Cerrado, Pantanal and the Amazon Rainforest) with distributions that vary
across rainfall and humidity gradients. Our goal was to analyze the seasonal variation in microclimate,
spectral reflectance, LE and H for these ecosystems and quantify how energy partitioning varies across the
regional climate gradient. We used the Bowen ratio energy balance method to estimate the LE and H of a
dense, evergreen ombrophylous forest near Alta Floresta (AFL), a semi-deciduous forest in the Amazon-
Cerrado transition zone near Sinop (SIN), a savanna grassland at Fazenda Miranda (FMI), a managed
savanna pasture at Fazenda Experimental (FEX), a seasonally flooded woodland at Baía das Pedras in
the Pantanal (BPE), and a riparian forest dominated by Vochysia divergens Pohl (CAM) in the Pantanal.
Annual rainfall decreased from north to south, and 83% of the annual rainfall occurred during the wet
season. However, the seasonal amplitude of volumetric soil water content (VSWC) increased from north
to south, because of the increased potential for seasonal flooding. The vapor pressure deficit (VPD), air
temperature, solar radiation (Rg) and net radiation (Rn) also increased from north to south, which directly
affected the seasonal amplitude in the enhanced vegetation index (EVI). Our data suggest that energy

partitioning in the wettest sites (AFL and CAM) were driven by solar radiation instead of soil water
availability, while seasonal variation in rainfall was more important for the Amazon-Cerrado transitional
forest (SIN), Cerrado (FMI and FEX) and Pantanal scrublands (BPE). These patterns are discernable using
appropriate satellite vegetation indices, such as the EVI, allowing spatial and temporal variations in energy
partitioning to be quantified across diverse landscapes like the Amazon Basin.
. Introduction

Quantifying the partitioning of energy into latent (LE) and
ensible (H) heat in the tropics, and its variation across land-
capes, is critical for assessing hydrological cycles, understanding
oil–plant–atmosphere interactions, and improving regional and
lobal climate models. Energy partitioning varies between ecosys-

ems due to interactions between biogeochemical cycling, plant
hysiology, soil water availability, and climate (Fisher et al., 2008;
a Rocha et al., 2009; Costa et al., 2010). In Brazil, the distribution of

∗ Corresponding author. Tel.: +55 65 3615 8738; fax: +55 65 3615 8738.
E-mail address: marcelo@fisica.ufmt.br (M.S. Biudes).

ttp://dx.doi.org/10.1016/j.agrformet.2014.12.008
168-1923/© 2014 Elsevier B.V. All rights reserved.
© 2014 Elsevier B.V. All rights reserved.

land cover types is driven by climatic variations and anthropogenic
influences, and in particular, the state of Mato Grosso has three
different ecosystems, savanna (Cerrado), wetland (Pantanal) and
Amazonian rainforest that are arrayed along broad climate gradi-
ents.

Although large regions of the Amazon Basin exhibit high
annual rainfall there can be pronounced seasonality in rainfall
and soil moisture due to the seasonal migration of Inter-Tropical
Convergence Zone (ITCZ) (Machado et al., 2004; Marengo et al.,
2011). Satellite measurements indicate that canopy greenness

in the Amazon is negatively correlated with precipitation pat-
tern (Saleska et al., 2003), with an increase in greenness and
higher evapotranspiration and productivity during the dry season
(Myneni et al., 2007; Huete et al., 2008) because productivity

dx.doi.org/10.1016/j.agrformet.2014.12.008
http://www.sciencedirect.com/science/journal/01681923
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nd evapotranspiration is limited more by radiation than water
vailability (Hutyra et al., 2007; Juárez et al., 2007; da Rocha et al.,
009). These patterns are opposite to those in more seasonal trop-

cal ecosystems where dry season declines in precipitation create
 water deficit that causes declines in evapotranspiration and
roductivity (Werth and Avissar, 2004; Giambelluca et al., 2009;
ourlitis et al., 2008, 2014; Costa et al., 2010; Rodrigues et al., 2014).

High spatial heterogeneity and climate–land surface inter-
ctions make patterns of tropical energy partitioning uncertain
Hasler and Avissar, 2007; Costa et al., 2010; Rodrigues et al., 2014).
uch high spatial and temporal variation are particularly striking in
he state of Mato Grosso, where three major ecosystems, Amazon
orest, savanna (Cerrado), and wetlands (Pantanal), vary along cli-

ate gradients that vary in space and time. Moreover, within these
egional ecosystems are landforms that vary substantially in phys-
ognomy, due to a variety of variables such as soil type and fertility
nd exposure to seasonal flooding (Lopes and Cox, 1977; Furley and
atter, 1988; Nunes da Cunha and Junk, 2004; Vourlitis et al., 2013).
hese ecosystems have experienced significant deforestation over
he last several decades (Carvalho et al., 2009), and Mato Grosso
as the dubious distinction of having some of the highest rates of
eforestation in Brazil (Fearnside, 2003; Soares-Filho et al., 2006).
hus, within the state there is a mosaic of natural and managed
orests, woodlands, plantations, croplands and pastures (Jasinski
t al., 2005), which have widely varying hydrology and/or climate
easonality.

These spatial variations in hydrology and vegetation type alter
he pattern of partitioning between LE and H, which feeds back
n regional and global climate by affecting atmospheric humidity,
hermal stability of the boundary layer, and regional precipitation
Hasler and Avissar, 2007; Costa and Pires, 2010). Deforestation
an cause a decrease in evapotranspiration due to an increase in
lbedo, a decrease in surface roughness, and a decline in leaf area
ndex (von Randow et al., 2004; Sheil and Murdiyarso, 2009). In
urn, a decrease in evapotranspiration is typically linked with an
ncrease in surface temperature, which acts to increase H (Biudes
t al., 2012; Dubreuil et al., 2012). The ratio of LE/H may  vary little
bove an intact forest, while above managed ecosystems, especially
rass-dominated pastures and savanna, these fluxes have high vari-

bility throughout the year (Priante-Filho et al., 2004; Fisher et al.,
008; Biudes et al., 2009; Rodrigues et al., 2014). In turn, areas with
igher H also have a convective boundary layer that can be up to
00 m higher than over intact forest (Fisch et al., 2004). The shift

ig. 1. Location of Mato Grosso, Brazil flux towers in a dense, evergreen ombrophylous for
ixed  grassland-woodland (campo sujo) at Fazenda Miranda (FMI), Brachiaria humidicola

as  Pedras (BPE) and the Vochysia divergens riparian forest (CAM) in the Pantanal.
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in the surface energy balance can influence regional, and poten-
tially global, circulation and hydrology depending on the scale of
the deforestation (Snyder, 2010; Bagley et al., 2014).

The high natural and anthropogenic variations in land cover type
and climate highlight the need to understand seasonal and spatial
variability of partitioning between LE and H. Here we  exploit the
high spatial and temporal variation of Amazon forest, Cerrado, and
the Pantanal in the state of Mato Grosso to analyze the seasonal
variation in microclimate, spectral reflectance, and LE and H in
the dominant landforms of tropical Brazil. We hypothesize that (1)
the seasonal amplitude of micrometeorology, spectral reflectance,
and LE and H flux will increase from Amazon to Pantanal, and (2)
the seasonality in LE and H will be driven by seasonal variation in
precipitation and soil water content in all sites.

2. Materials and methods

2.1. Site descriptions

This study was  conducted in six different ecosystems located
across Mato Grosso, Brazil, two  that were located within Amazon
rainforest, two in the Cerrado and two  in the Pantanal (Fig. 1). The
periods in which data were available can be found in Table 1. The
northernmost site was in a dense, evergreen ombrophilous forest
located 39 km NE of the city of Alta Floresta (AFL) in the south-
ern Amazon Basin (9◦36′2.83′′ S:55◦55′22.22′′ W).  The vegetation is
composed of Tetragastris altissima (22%), Celtis schippii (17%) and
Pseudolmedia sp. (6%), with an average canopy height of 30 m but
with some emergent trees reaching up to 45 m in height (Santos,
2005). The 30-year mean annual temperature in the Alta Floresta
region is 25.7 ◦C, and rainfall is approximately 2230 mm year−1

with a dry season from June to September (Dubreuil et al., 2012).
The soil is classified as a Vetic Acrisol (Hyperdystric), and it is acidic
(pH = 4.5) with low level in phosphorus, extractable cation, and
organic matter content (Quesada et al., 2010).

Further south, the next experimental area was in a dense,
semi-deciduous forest located in the Amazon-Cerrado transition
zone 50 km NE near the city of Sinop (SIN) (11◦24′44.28′′ S:
55◦19′28.77′′ W).  Mean canopy height is 22–25 m,  and leaf area

index (LAI) varies between 2.5 m2 m−2 during the dry season and
approximately 6.0 m2 m−2 during the wet  season (Biudes et al.,
2014a), and the vegetation is dominated by the tree species
Brosimum lactescens,  Qualea paraensis and Tovomita schomburkii

est at Alta Floresta (AFL), semi-deciduous transitional forest at Sinop (SIN), savanna
 pasture at Fazenda Experimental (FEX), seasonally flooded woodland at the Baía
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Table 1
Overview flux tower sites and data availability in the state of Mato Grosso, Brazil.

Code Locale Ecosystem type Years

03 04 05 06 07 08 09 10 11 12 13

AFL Alta Floresta Ombrophylous forest X X
SIN Sinop Transitional forest (Cerradão) X X X X
FMI  Fazenda Miranda Savanna grassland (Campo sujo) X X X X X
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FEX  Fazenda Experimental Non-native grassland
BPE  Baía das Pedras Seasonally flooded woodland 

CAM  Cambarazal Seasonally flooded forest 

Vourlitis et al., 2014). The 30-year mean annual temperature in
he Sinop area is 24 ◦C with little seasonal variation, and rainfall is
pproximately 2000 mm year−1 (Vourlitis et al., 2008) with a 4- to
-month dry season (May–September). The soil is a Quartzarenic
eosol characterized by sandy texture (84% sand, 4% silt, and 12%
lay) in the upper 50 cm of soil (Priante-Filho et al., 2004). The soils
re poor in nutrients, have high porosity, and drain rapidly after
ainfall events (Vourlitis et al., 2002).

Two sites were located within the Cerrado region that is south
f the Amazon Basin (Fig. 1). One of the sites was  in a mixed
oodland–grassland (locally known as campo sujo) located at the

azenda Miranda (FMI), which is 15 km S of the city of Cuiabá
15◦43′53.66′′ S: 56◦04′18.81′′ W).  Vegetation is dominated by both
ative and non-native grasses and by the semi-deciduous tree
pecies Curatella americana L. and Diospyros hispida A.DC. (Vourlitis
t al., 2013). Nearby, another study site was in a non-native grass-
and located at the Fazenda Experimental (FEX), 33 km S of Cuiabá
15◦51′15.23′′ S: 56◦04′13.50′′ W).  The pasture at FEX is domi-
ated by the non-native Brachiaria humidicola (Biudes et al., 2008,
009; 2012). The regional soil type is at both research sites is
ocky, dystrophic red-yellow Latosol, also known as a Plinthosol
Radambrasil, 1982), with high rates of water infiltration but
imited water holding capacity (Domingues et al., 2013). Mean
nnual rainfall and temperature of region are 1200 mm and 25.7 ◦C,
espectively, and rainfall is seasonal with a dry season extending
rom May  to September (Biudes et al., 2012).

The southernmost research sites were located in the Pantanal
Fig. 1), which is a 150,000 km2 seasonally wetland that spans
ortions of Brazil, Paraguay, and Bolivia and is the largest wet-

and in the world (Nunes da Cunha and Junk, 2004). One research
ite was in a 3 m-tall seasonally flooded woodland located 105 km
W of Cuiabá (16◦29′53.52′′ S: 56◦24′46.23′′ W)  at the Baía das
edras Experimental Area (BPE). Vegetation consisted mainly of
ombretum laxum,  locally known as “pombeiro,” which is a small
ree/large shrub that grows in very dense thickets throughout the
antanal (Santos et al., 2006). The other Pantanal site was located
n a 26–28 m-tall seasonal flooded forest located 107 km SW of
uiabá (16◦33′19.11′′ S: 56◦17′11.49′′ W).  The vegetation is com-

osed mainly of Vochysia divergens Pohl (Vochysiaceae), locally
nown as Cambarazal (CAM). Besides V. divergens, the vegetation
s composed of Duroia duckei and Ocotea longifolia (Arieira and
unes da Cunha, 2006). The leaf area index (LAI) of the CAM is

able 2
escription of the equipment used to measure solar radiation (Rg), net radiation (Rn), air

VSWC),  and the respective height that each sensor was  installed in each experimental ar

Variable Equipment description Installed he

FMI  

Rg LI200X, LI-COR, Lincoln, NE, USA 5 

Rn NRLITE, Kipp & Zonen, Delft, Netherlands 5 

Ta/RH HMP-45AC, Vaisala Inc., Woburn, MA,  USA 5/18 

G  HFP01, Hukseflux BV, Delft, The Netherlands −0.01 

VSWC CS-615, Campbell Sci., Logan, UT, USA −0.2 
X X X X X
X X X

X X X X X

3.5 ± 0.2 m2 m−2 with little seasonal variation (Biudes et al., 2014a).
The topography of the floodplain is virtually flat, causing 1–2 m of
flooding at both sites during the wet season (Nunes da Cunha and
Junk, 2004). The soil is classified as a Gleyic Solonetz (Zeilhofer,
2006), and is acidic (pH = 4.7) with moderately high in phospho-
rus, cation, and organic matter content (Vourlitis et al., 2011;
Machado et al., 2015). Annual rainfall and temperature of the region
is on average 1400 mm and 26.1 ◦C with a pronounced dry sea-
son extending from May  through September (Biudes et al., 2012,
2014a).

2.2. Micrometeorological measurements

A micrometeorological tower in each experimental area con-
tinuously collected data on solar radiation (Rg), net radiation (Rn),
air temperature (Ta), relative humidity (RH), soil heat flux (G) and
volumetric soil water content (VSWC). Sensors, data acquisition,
and power supply systems are nearly identical at all sites, and a
full list, including instrument model and installation information,
is provided in Table 2. The manufacturers encourage calibrating
the sensors every 2 years after field deployment; however, we
calibrated all sensors every 6 months using a new instrument as
reference in order to construct an accurate relationship between
the outputs of each sensor.

2.3. Precipitation and enhanced vegetation index measurements

The precipitation data for each study site were obtained from
the 3B43 V6 product of the Tropical Rainfall Measuring Mission
(TRMM)  satellite archived at the Distributed Active Archive System
(DAAC) (http://disc2.nascom.nasa.gov/Giovanni/tovas/TRMM).
The pixel size of TRMM is 25 km2 (Danelichen et al., 2013).

We downloaded the 16-day MODIS Enhanced Vegetation Index
(EVI) composites (Land Products Collection 5, MOD13Q1) from the
Oak Ridge National Laboratory DAAC (http://daac.ornl.gov/cgi-bin/
MODIS/GLBVIZ 1 Glb/modis subset order global col5.pl) based on
the geo-location information (latitude and longitude) of each
experimental area. The MOD13Q1 datasets include the EVI and

Normalized Difference Vegetation Index (NDVI), at a spatial res-
olution of 250 m,  and are corrected for the effects of atmospheric
gases, aerosols, and thin cirrus clouds (Vermote and Kotchenova,
2008).

 temperature (Ta) and relative humidity (RH), soil heat flux (G), soil water content
ea. Site abbreviations are as in Table 1.

ight (m)

FEX BPE CAM SIN AFL

2 20 33 42 50
2 20 33 42 50
0.5/1.8 22/31 33/37 39/45 45/51
−0.01 −0.01 −0.01 −0.01 −0.01
−0.25 −0.2 0.25 0.25 0.25

http://disc2.nascom.nasa.gov/Giovanni/tovas/TRMM
http://daac.ornl.gov/cgi-bin/MODIS/GLBVIZ_1_Glb/modis_subset_order_global_col5.pl
http://daac.ornl.gov/cgi-bin/MODIS/GLBVIZ_1_Glb/modis_subset_order_global_col5.pl
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.4. Energy balance estimates by Bowen ratio method

Latent (LE) and sensible (H) heat flux and evapotranspiration
ET) estimates were calculated using the Bowen ratio energy bal-
nce method (BREB). The BREB method has been widely used since
t was proposed in 1926 because it has the advantages of a clear
hysical concept, few parameter requirements, and a simple cal-
ulation method (Hu et al., 2013). The comparison of LE and H
btained with BREB method and eddy covariance method have
hown that the BREB provides accurate and reliable values, and that
nstrument drifts on sub-annual time scales are minimal (Drexler
t al., 2004; Biudes et al., 2009; Billesbach and Arkebauer, 2012;
icken et al., 2013; Rodrigues et al., 2013). The BREB method we
sed followed the guidelines and modification described by Perez
t al. (1999). Average fluxes of LE and H were calculated by Eqs. (1)
nd (2), respectively, at 30-min averaging intervals,

E = Rn − G − �S

1 + ˇ
(1)

 = Rn − G − �S

1 + ˇ−1
(2)

here LE and H is the latent and sensible heat flux (W m−2), Rn is the
et radiation (W m−2), G is the ground heat flux (W m−2), and �S

s the heat storage in the canopy air space and biomass calculated
sing the parameterization proposed by Moore and Fisch (1986).
he �S  was calculated every 30 min  at AFL, SIN and CAM, but was
egligible at FMI, FEX and BPE due to the low vegetation density. ˇ

s the Bowen ratio defined by Eq. (3),

 =
(

Cp

�0.622

)  (
�T

�e

)
(3)

here Cp is the specific heat at constant pressure
1.00467 J g−1 K−1), 0.622 is the ratio of molecular weights of
ater and air, and �T  and �e  are the difference of temperature

◦C) and water vapor pressure (kPa) between the two  measure-
ent levels, respectively. The latent heat of vaporization (�; J g−1)

efined by Eq. (4)

 = 1.919 × 106
(

T + 273.16
(T + 273.16) − 33.91

)2
(4)

The average evapotranspiration (mm  30-min−1) was calculated
y Eq. (5),

T = LE
�

(5)

The daily evapotranspiration was obtained as the sum of 48
alues of evapotranspiration at 30-min averaging intervals.

The criteria for accepting/rejecting data collected from the BREB
ethod were based on those described by Perez et al. (1999) and

evised by Hu et al. (2013). It was assumed that the gradients were
ufficient in each experimental area due to the large fetches over
elatively homogeneous terrain. The BREB method fails when (1)
ensor resolution is inadequate to resolve gradients in �T  and �e
Unland et al., 1996), (2) stable atmospheric conditions, such as
uring the dawn and dusk, cause  ̌ ≈ −1 (Ortega-Farias et al., 1996)
nd the evapotranspiration tends to infinity, and (3) conditions
hange abruptly leading to errors in measurement (Perez et al.,
999). Using this filtering method, physically realistic values of ˇ
an be obtained in an objective, quantitative manner, which limits
he potential for bias and error in estimating energy balance terms
Perez et al., 1999; Hu et al., 2013).
.5. Statistical analysis

EVI values were averaged for the nine pixels covering and sur-
ounding the flux tower, and only pixels with highest quality
 Meteorology 202 (2015) 112–124 115

assurance (QA) metrics were used. Varying sensor viewing geom-
etry, cloud presence, aerosols and bidirectional reflectance can
limit the efficacy of reflectance data for assessing spatial–temporal
dynamics in biophysical processes (Hird and McDermid, 2009),
and signal extraction techniques are often needed to improve the
signal-noise ratio (Hernance et al., 2007). Thus, we  applied Singu-
lar Spectrum Analysis (SSA) using the CatMV software (Golyandina
and Osipova, 2007), which has been shown to be effective for the
filtered reconstruction of short, irregularly spaced, and noisy time
series and improving the signal-noise ratio of the MODIS EVI (Ghil
et al., 2002).

Gaps in estimates of H and LE due to sensor failure and/or rejec-
tion of the Perez et al. (1999) criteria were filled by using linear
relationships between retained values of LE and H as dependent
variable and measured values of Rn–G as independent variable
(see for example, Fig. 2) (Grace et al., 1996). The percentage of
available energy (Rn) partitioned into LE and H was  determined
using linear regression with the origin forced through zero, where
daily (24 h) average of LE or H (dependent variables) was regressed
against daily Rn over monthly intervals (see for example, Fig. 3). The
slope (±95% confidence interval) of these regressions indicates the
relative partitioning of Rn into LE or H. The random errors asso-
ciated with the averages of micrometeorological measurements
and energy flux estimates were calculated as the ±95% confidence
interval over monthly and annual intervals by bootstrapping the
resampled time series over 1000 iterations (Efron and Tibshirani,
1993).

Links between the spatial variations in biophysical (EVI, LE,
and H), hydrological (rainfall and VSWC), and meteorology (Rg, Rn,
temperature, and VPD) variables between the study sites (n = 6)
was assessed using linear correlation. Linear correlation was  used
because preliminary analyses indicated that linear models were
superior to non-linear models for all variables considered. Analyses
were conducted over seasonal (dry and wet) and annual intervals.

3. Results and discussion

3.1. Seasonal patterns of precipitation and soil water content

Total annual rainfall decreased from north to south from on
average 2092 mm in the Amazon Basin (AFL and SIN) to 1496 in the
Pantanal (BPE and CAM), and most of the annual rainfall (83%) was
recorded during the months of October–March (Fig. 4 and Table 3).
Rainfall for all sites reached a peak in January and decreased into
May, which marked the beginning of the dry season (i.e., duration
in which total monthly rainfall is <100 mm;  Hutyra et al., 2007).
Dry season duration was  4 months for AFL, 5 months for SIN, FEX,
and FMI, and 6 months for the Pantanal study sites (Fig. 4). All sites
exhibited a marked increase in rainfall in September, and rainfall
increased during each month thereafter. These seasonal trends are
consistent with the climatology for the region (Vourlitis and da
Rocha, 2011; Biudes et al., 2012, 2014a).

Seasonal variations in volumetric soil water content (VSWC)
tended to follow variations in rainfall, with highest values during
the wet season and lowest values during the middle and end of
the dry season (Fig. 4). For some sites, such as AFL, SIN, and FMI,
the variations in soil water content were highly correlated with
variations in rainfall; however, for the other sites, changes in soil
water content tended to lag behind variations in rainfall. The lagged
dynamics were especially pronounced in the Pantanal (BPE and
CAM), because changes in soil water content are affected more by

seasonal flooding dynamics than rainfall (Penha et al., 1999; Arieira
and Nunes da Cunha, 2006; Biudes et al., 2009, 2014a). In general,
the Pantanal sites had the highest average soil moisture of all of
the other sites followed by the Amazonian forest and Cerrado sites
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nstantaneous (30-min average) latent heat flux (LE) and sensible heat flux (H) data

Fig. 4 and Table 3). In particular, FMI  has the lowest soil moisture
ue to the sandy and rocky nature of the soil (Vourlitis et al., 2013),
hich has rapid rates of water infiltration but little water-holding

apacity (Teepe et al., 2003).

.2. Spatial and seasonal patterns of micrometeorological and
pectral reflectance data

Average daily air temperature varied from 24 to 28 ◦C, but the

easonal amplitude (defined here as the difference between high-
st and lowest monthly average) for the Amazon Basin sites was
onsiderably lower than the Cerrado and Pantanal sites (Fig. 5a).
PE was the coolest of these sites (minimum was 12.8 ◦C) and FMI
nd intercept (±95% confidence interval) of the equations used to fill the gaps in
btained at the various research sites. Site abbreviations are as in Fig. 1.

the warmest (maximum was  33.2 ◦C). The largest annual temper-
ature amplitude was observed at FMI  (18.9 ◦C) while the smallest
was observed for AFL (6 ◦C). However, the seasonal amplitude in
air temperature for AFL was opposite to that observed for the other
study sites (Fig. 5a) because of the increase in incident solar radi-
ation that occurs in response to the decline in cloud cover during
the dry season (Fig. 5c; da Rocha et al., 2009). For the other sites
the air temperature exhibited consistent seasonal trends (Fig. 5a),
with lowest values in the dry season when cold air transported

by fronts out of the south (friagens) can persist for several days
(Grace et al., 1996; da Rocha et al., 2009; Biudes et al., 2012). The
peak air temperature at all sites occurred in September and October,
except CAM and AFL where the maximum was  in March and August,
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vailable energy (Rn) partitioned into daily latent heat flux (LE) and daily sensible h

espectively (Fig. 5a). The air temperature at SIN showed bimodal
ariation, with a minimum in early July around the solstice, and
nother minimum during December, coinciding with the maxi-
um  precipitation (Fig. 5a). The seasonal variation in VPD was

pposite of that observed for rainfall, with higher values ranging
.78–1.19 kPa recorded in the dry season (Fig. 5b). The peak of VPD
as in July–August in the north and in September in the south,
hich is consistent with a variety of other tropical forests of the

mazon Basin (da Rocha et al., 2004; Vourlitis et al., 2014; Souza
t al., 2014) and Pantanal (Biudes et al., 2014a).

The solar radiation (Rg) during the dry season increased at
IN and AFL but decreased at the other sites (Fig. 5c). In general,
 and slope (±95% confidence interval) used to determine the percentage of daily
x (H) obtained at the various research sites. Site abbreviations are as in Fig. 1.

cloudiness ranging from 90% to 99% during the wet  season causes
a decline in incident solar radiation at low latitudes (Li et al., 1995;
Hilker et al., 2012), and large cumulus or cumulonimbus clouds
occasionally decrease the solar insolation reaching the surface to
only 3% of that incoming at cloud top (Reynolds et al., 1975). On
the other hand, biomass-burning aerosols can reduce the amount
of incoming solar radiation to the land surface during dry season
(Li et al., 2006), as was  observed at FEX, FMI, CAM and BPE (Fig. 5c).
Forests had higher enhanced vegetation index (EVI) values than
grasslands (Fig. 5d and Table 3), reflecting a higher leaf area index
(LAI) associated with forest canopies (Ratana et al., 2005; Zhang
et al., 2006). In general, the EVI was negatively correlated with the
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ig. 4. Total monthly precipitation (open-bars; left-hand axis) and volumetric soil
haded portion in each figure depicts the dry season at each site. Site abbreviations

PD and air temperature during the wet season and over the annual
ycle (Table 4). Thus, warmer and sites with higher VPD tended to

ave lower EVI. Grasslands (FMI and FEX) and woodlands (BPE) also
ad higher seasonal variability in EVI than forests (Fig. 5d), which
eflects the importance of dry season drought on LAI and canopy
roductivity (Ratana et al., 2005; Biudes et al., 2014a,b; Fausto et al.,

able 3
otal annual rainfall (Ppt; mm)  and mean (±95% Confidence Interval) annual volumetric so
◦C), solar radiation (Rg; W m−2), Enhanced Vegetation Index (EVI), net radiation (Rn; W
et  radiation dissipated by latent heat flux (LE/Rn) and sensible heat flux (H/Rn) in Ama
cosystems of Mato Grosso, Brazil.

Variable Amazon forest Cerrado 

AFL SIN FMI 

Ppt 2223 1962 1567 

VSWC  0.21 ± 0.03 0.15 ± 0.03 0.07 ± 0.02 

VPD  0.84 ± 0.19 0.63 ± 0.12 1.03 ± 0.23 

T  24.7 ± 0.3 24.5 ± 0.4 26.3 ± 0.9 

Rg 174.3 ± 7.5 171.5 ± 5.7 196.5 ± 7.2 

Rn 123.7 ± 7.5 127.5 ± 8.4 116.5 ± 11.5
EVI  0.54 ± 0.02 0.53 ± 0.02 0.32 ± 0.03 

LE  85.1 ± 5.8 80.3 ± 7.2 70.8 ± 12.2 

H  34.7 ± 4.5 40.1 ± 5.3 41.2 ± 3.6 

LE/Rn 0.69 ± 0.01 0.63 ± 0.05 0.60 ± 0.06 

H/Rn 0.28 ± 0.03 0.32 ± 0.04 0.37 ± 0.05 
 content (solid circles and lines; right-hand axis) at the various research sites. The
 in Fig. 1.

2014). However, the minimum value for the EVI varied regionally,
with the lowest values at the beginning of the dry season in the

Amazon Basin and later in the dry season for the forests and wood-
lands of the Pantanal and the Cerrado grasslands (Fig. 5d). These lags
in minimum greenness reflect the differing importance of radiation
vs. water controls on LAI and productivity (Saleska et al., 2009), with

il water content (VSWC; m3 m−3), vapor pressure deficit (VPD; kPa), air temperature
 m−2), latent heat flux (LE; W m−2), sensible heat flux (H; W m−2), and the ratio of
zonian forest (AFL and SIN), Cerrado (FMI and FEX), and Pantanal (BPE and CAM)

Pantanal

FEX BPE CAM

1553 1457 1395
0.16 ± 0.03 0.50 ± 0.10 0.43 ± 0.09
0.99 ± 0.12 1.04 ± 0.22 0.87 ± 0.20
26.5 ± 0.9 26.0 ± 0.8 26.1 ± 0.8
160.8 ± 9.2 202.0 ± 10.4 203.2 ± 13.3

 121.9 ± 12.8 137.3 ± 9.7 119.1 ± 15.0
0.36 ± 0.03 0.40 ± 0.04 0.46 ± 0.02
68.8 ± 8.9 88.6 ± 10.1 96.4 ± 12.0
52.2 ± 4.0 48.6 ± 4.9 20.9 ± 4.4
0.56 ± 0.02 0.64 ± 0.04 0.81 ± 0.03
0.44 ± 0.03 0.36 ± 0.04 0.18 ± 0.03
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Fig. 5. Mean (±95% confidence interval) monthly (a) air temperature (◦C), (b) vapor pressure deficit (VPD; kPa), (c) solar radiation (W m−2), and (d) enhanced vegetation
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ndex  (EVI) at AFL (solid-line; closed-circles), SIN (dotted-line; open-circles), FMI  (
long-dashed-line; closed-square) and CAM (dot-dashed-line; open-square) in the 

pproximate dry season for the study sites.

adiation being more important in the northern areas while sea-
onal drought being more important in the south (Machado et al.,
004; Biudes et al., 2014a,b). In general, all of the sites had higher
alues of the EVI during the wet season (Fig. 5d), which is in con-
rast to other studies in the Amazon Basin where canopy greenness
as negatively correlated with precipitation (Saleska et al., 2003,

009). However, the mechanism for the higher EVI values during
ry season is still open to debate. Some suggest that the high dry
eason EVI values are an adaptation to an increase in solar radia-
ion and/or avoidance of herbivory (Xiao et al., 2006) while others
uggest it is an artifact due to the decrease in the solar zenith angle,
nd thus, an increase in illumination that occurs during the dry sea-
on (Galvão et al., 2011). Regardless, our data indicate that seasonal
rends in rainfall, rather than radiation, are more important for the
easonal trend in the EVI for the research sites observed here.

.3. Spatial and seasonal patterns in energy flux

Amazonian forests showed the smallest seasonal variations in
et radiation (Rn), while the Cerrado grasslands and the Pantanal
cosystems had marked declines in Rn during the dry season, which

ere similar to that observed for Rg (Fig. 5c). The Rn is a function of

he spectral characteristics of the surface (Rodrigues et al., 2009),
nd forests as AFL and SIN have lower surface albedo (11–14%) and
igher moisture and LAI than grassland, absorbing more sunlight

able 4
inear correlation coefficients for the Enhanced Vegetation Index (EVI), latent (LE) and 

espectively) as a function of the EVI, precipitation (Ppt), volumetric soil water content (V
nd  net (Rn) radiation during the wet  and dry seasons and annual time periods. Bold valu

Variable EVI LE H 

Dry Wet  Ann Dry Wet  Ann Dry 

EVI – – – 0.88 0.12 0.57 −0.26 −
Ppt  0.21 0.71 0.71 0.24 −0.54 −0.08 −0.04 −
VSWC  0.10 0.30 0.16 0.51 0.74 0.82 −0.48 −
VPD  −0.63 −0.87 −0.83 −0.26 −0.02 −0.23 −0.12 

T  −0.68 −0.86 −0.89 −0.41 0.25 −0.23 −0.22 

Rg 0.19 −0.40 −0.23 0.40 0.85 0.58 −0.31 −
Rn 0.63 −0.48 0.24 0.52 0.61 0.31 0.53 
-dashed-line; inverted-closed-triangle), FEX (dot-dashed-line; open-triangle), BPE
al. Site abbreviations are as in Fig. 1. The shaded portion in each figure depicts the

(Breuer et al., 2003). Furthermore, forests have higher biomass,
observed by higher EVI (Fig. 5e), which reduces the canopy tem-
perature and long wave canopy emission, and increases Rn (Santos
et al., 2011). These properties tended to maintain higher Rn (and
EVI) during the dry season, while during the wet season, prolonged
cloud cover reduced the Rg, and consequentially Rn (da Rocha et al.,
2009; Vourlitis et al., 2014). Thus, variations in Rn for the Amazo-
nian forests were minimal compared to the southern ecosystems.

The Rn was  typically higher during the wet  season at FMI, FEX,
BPE and CAM (Fig. 6), which is consistent with the seasonal varia-
tion in the solar angle and an increase in soil water availability in
Cerrado (Rodrigues et al., 2013, 2014) and Pantanal (Biudes et al.,
2009). In turn, declines in Rn in the Cerrado and Pantanal during dry
season were due in part to an increase in the surface albedo caused
by a decline in vegetation greenness and/or leaf area, which was
also reflected in the lower dry season EVI (Machado et al., 2004;
Ratana et al., 2005; Biudes et al., 2014a,b; Rodrigues et al., 2013;
2014). However, it is interesting to note that the Pantanal wood-
land BPE had the highest average annual Rn (Table 3) due to the
dense nature and high LAI of the Combretum woodlands (Santos
et al., 2006).
The latent heat flux (LE) values were higher than sensible heat
flux (H) in all sites during the study period (Fig. 6 and Table 3). The
highest LE values were observed in the Pantanal (CAM and BPE),
followed by Amazon Forest (AFL and SIN) and Cerrado (FMI and

sensible (H) heat flux, and the ratio of LE and H to net radiation (LE/Rn and H/Rn,
SWC), atmospheric vapor pressure deficit (VPD), air temperature (T), and solar (Rg)
es are statistically significant (p < 0.05; n = 6 sites).

LE/Rn H/Rn

Wet  Ann Dry Wet  Ann Dry Wet  Ann

0.64 −0.48 0.49 0.65 0.61 −0.54 −0.66 −0.63
0.36 −0.05 0.05 0.17 −0.04 −0.15 −0.27 −0.15
0.02 −0.24 0.73 0.37 0.54 −0.58 −0.21 −0.38
0.81 0.38 0.01 −0.67 −0.35 0.03 0.75 0.43
0.54 0.22 0.02 −0.42 −0.26 −0.02 0.49 0.33
0.12 −0.43 0.27 0.34 0.44 −0.30 −0.24 −0.38
0.45 0.43 −0.20 −0.15 −0.11 0.21 0.30 0.25
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ig. 6. Mean (±95% confidence interval) monthly net radiation (Rn; solid-line; cl
ashed-line; inverted-closed-triangle) at the various research sites. The shaded por

EX). Spatial variations in LE were correlated with the EVI, VSWC,
r Rg depending on the time interval of interest (Table 4). For exam-
le, dry season variations in LE were positively correlated with the
VI, thus areas with higher greenness and/or LAI had higher dry
eason rates of LE, a trend that is typical of the Amazon Basin as a
hole (Rodrigues et al., 2014) and reflects higher and more consis-

ent LAI (Ratana et al., 2005) and deeper rooting depth of trees that
ontribute to the high dry season EVI (Fisher et al., 2007). In con-
rast, spatial variations in LE during the wet season were positively
orrelated with solar radiation (Rg), which reflects the relatively
reater energy limitation on LE when water limitation is negligible
da Rocha et al., 2009; Rodrigues et al., 2014). Finally, over annual
ime periods, LE was positively correlated with VSWC, reflecting
he importance of water availability on LE (Malhi et al., 2008; da
ocha et al., 2009; Vourlitis et al., 2014). In contrast, the lowest H
alues occurred in high-density forests (AFL, SIN and CAM) while
he higher H values occurred in the BPE and Cerrado grasslands
Fig. 6 and Table 3). Spatial variations in H were positively cor-
elated with VPD during the wet season (Table 4), thus, forested
reas that maintained high rates of evapotranspiration also had

 lower air temperature and atmospheric water vapor demand,
hich increased LE but reduced H (Alves et al., 1999; Betts et al.,

008; Malhi et al., 2008).
Temporal variations in LE were smaller for the Amazonia forests
han for the Cerrado grasslands and Pantanal woodlands (Fig. 6).
E was higher for FMI, FEX, CAM and BPE during the wet  season,
hich is positively correlated with the seasonal trend in Rn and soil
ater availability. At all of the sites except AFL and CAM, rates of
ircles), latent heat flux (LE; dotted-line; open-circles) and sensible heat flux (H;
 each figure depicts the dry season at each site. Site abbreviations are as in Fig. 1.

LE declined enough during the dry season that average monthly
rates of H either equaled or exceeded LE, especially in the Cerrado
grasslands. The drought stress due to low rainfall, soil water con-
tent, and/or water holding capacity of the savanna soils causes LE to
decrease during the dry season (Giambelluca et al., 2009; Rodrigues
et al., 2014); however, for riparian forests and forests of the Ama-
zon Basin, dry season declines in LE are not as pronounced because
closed tree canopies limit evaporation and deeply rooted trees have
access to more consistent, deeper soil water reserves (Fisher et al.,
2007).

3.4. Normalized energy fluxes and energy partitioning

The partitioning of Rn into LE and H affects the boundary layer
development and the vertical transport of the heat and water
vapor in the atmosphere, which ultimately influences regional and
global cloud formation and precipitation (Dirmeyer, 1994; Seth
and Giorgi, 1996; Pielke, 2001). The amount of Rn dissipated by LE
(LE/Rn) and H (H/Rn) varied significantly between vegetation types
and over time (Fig. 7 and Table 3); however, there were no sta-
tistically significant correlations between the spatial variations in
LE/Rn or H/Rn and the meteorological drivers (Table 4). Between 69%
and 81% of the Rn was  partitioned into LE for AFL and CAM, with
little seasonal variation (Fig. 7A and F). These tall, dense forests

appear to be able to withstand the dry season without soil mois-
ture restrictions on evapotranspiration (Biudes et al., 2009; Fisher
et al., 2008). However, there may  be fundamental differences in the
mechanisms in which these forests are able to partition consistently



M.S. Biudes et al. / Agricultural and Forest Meteorology 202 (2015) 112–124 121

F ent he
o s the d

m
a
(
d
a
s
r
t

v
o
a
a
g
f
2
p
e
r
b
R
s
s
s
t
2

ig. 7. Mean (±95% confidence interval) monthly of net radiation dissipated by lat
pen-circles) at the various research sites. The shaded portion in each figure depict

ore Rn to LE during the annual cycle. The Amazon forest has an
ctive root biomass profile which can extract water down to 5.0 m
Fisher et al., 2007), thus maintaining a high rate of transpiration
uring the dry season (Vourlitis et al., 2008). In contrast, the season-
lly flooded forest has ample surface soil moisture during the dry
eason, which acts to maintain both high evaporation and transpi-
ation of the dominant tree species, Vochysia divergens, throughout
he dry season (Biudes et al., 2009; Dalmagro et al., 2014).

At the other sites, the amount of Rn partitioned into LE or H
aried as a function of season. For SIN, FMI, and BPE, the amount
f Rn partitioned into LE declined during the dry season months
nd either equaled (SIN and BPE) or was lower than (FMI) the
mount of Rn partitioned into H (Fig. 7B, C, E). These patterns sug-
est that temporal trends in energy partitioning into LE in these
our sites was limited by water availability (Giambelluca et al.,
009; Rodrigues et al., 2014; Vourlitis et al., 2008; 2014). Similar
atterns were observed for the other Cerrado grassland (FEX); how-
ver, seasonal variations were much smaller compared to FMI. The
elatively higher dry season partitioning of Rn into LE at FEX has
een observed in similar pastures in (Priante-Filho et al., 2004; von
andow et al., 2004) and may  reflect a higher resistance to water
tress by African grasses, such as B. humidicola,  compared to native

avanna grasses (San Jose et al., 1998). There is also evidence that
ome Brachiaria grasses have roots as deep as 1.5 m,  which allows
hem to access deeper soil water during the dry season (Santos et al.,
004).
at flux (LE/Rn; solid-line; closed-circles) and sensible heat flux (H/Rn; dotted-line;
ry season at each site. Site abbreviations are as in Fig. 1.

4. Conclusions

We hypothesized that the seasonal amplitude of micromete-
orology, spectral reflectance, and LE and H flux would increase
from the Amazon Basin to the Pantanal in the state of Mato Grosso
and that the seasonality in LE and H would be driven by seasonal
variation in precipitation and soil water content. We  found that
seasonal variations in precipitation and soil water content were
not important for energy partitioning in the mature rainforest (AFL)
and the seasonal flooded forest (CAM) because these forests were
limited more by radiation than by water. Water limitations were
more important in controlling seasonal variations in H and LE for
the transitional forest (SIN), Cerrado grassland and woodland (FMI
and FEX), and the seasonally flooded Pantanal woodland (BPE),
where the prolonged dry season led to seasonal drought. However,
spatial variations in LE were not driven by precipitation. Rather,
spatial variations in H and LE varied by season, with LE being pos-
itively correlated with spectral reflectance (EVI) during the dry
season, because forests with higher leaf area had higher transpi-
ration, and positively correlated with solar radiation in the wet
season, because forests with lower cloud cover had more energy
for evapotranspiration. These spatial and temporal variations lead

to a complex pattern of energy partitioning, where energy fluxes
are affected by both surface (leaf area, soil water content) and
meteorological (precipitation, radiation) feedbacks. In turn, these
feedbacks affect surface temperature and humidity, boundary
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ayer development, cloud formation, and thus, local and regional
limate.

Our results also have implications for land cover change, which
as been widespread through the state of Mato Grosso (Jasinski
t al., 2005), and is expected to increase over the next 3–4 decades
Soares-Filho et al., 2006). Climate models predict that the dry
eason is likely to increase in duration and/or intensity (Li et al.,
006; Costa and Pires, 2010). If so, then our data suggests that
eclines in both soil water content and leaf area will result in lower
vapotranspiration, higher surface temperature, and a shift in the
artitioning of radiation from LE to H. A change in energy par-
itioning toward H would reduce cloud cover and rainfall, which
ould further reduce tree cover and leaf area and enhance local and
egional warming. Higher temperatures over deforested surfaces
an enhance convection, which can draw moist air from forested
urfaces (Baidya Roy and Avissar, 2002; Garcia-Carreras and Parker,
011). Over time, localized warming and drying can reduce E of
orest fragments (Pongratz et al., 2006; Costa and Pires, 2010).
uch a scenario is consistent with some, but not all, climate model
imulations (Werth and Avissar, 2002; Li et al., 2006) and recent
bservations (Malhi and Wright, 2005; Li et al., 2008; Vourlitis et al.,
014).
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Meio de Diagnóstico Participativo. Boletim de Pesquisa e Desenvolvimento 66,

Embrapa Pantanal, Corumbá, MS,  Brasil., pp. 45.

Santos, V.A., (Under graduation) 2005. Análise florística e estrutural de uma  floresta
ombrófila aberta primária no Parque Estadual Cristalino, Alta Floresta – MT,
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