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[1] Tropical savanna (locally known as cerrado) composes 24% of Brazil and is characterized
by high climatic variation; however, patterns of energy exchange are poorly understood,
especially for mixed grasslands (locally known as campo sujo). We used eddy covariance to
measure latent (Le) and sensible (H) heat flux of amixed grassland and linkedmeteorological and
remote sensing data to determine the controls on these fluxes. We hypothesized that (1) seasonal
variations inH and Lewould be large due to variations in precipitation; (2) ecosystem phenology,
estimated using the enhanced vegetation index (EVI), would be the best predictor of seasonal
variation in Le; and (3) cerrado, transitional, and humid evergreen forests would have similar
rates of average annual Le despite large seasonal variation in cerrado Le. Our data suggest that
campo sujo exhibits large seasonal fluctuations in energy balance that are driven by rainfall and
that responses to rainfall pulses are rapid and dynamic, especially during the dry season. Path
analysis indicated that temporal variations in the EVI did not significantly affect Le orGc, but this
was because all three variables (EVI, Le, and Gc) responded similarly to temporal variations in
surface water availability. Compared to other tropical ecosystems, wetter sites had higher rates of
Le during the dry season but similar rates during the wet season when water was not limiting.
Over annual time periods, average rates of Le increased significantly as average annual rainfall
increased, due to dry-season water limitations in the more seasonal tropical ecosystems.
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1. Introduction

[2] Tropical savannas cover about 12% of the global land
surface [Scholes and Archer, 1997] and are characterized
by high plant species diversity [Giambelluca et al., 2009].
In Brazil, savanna (locally known as cerrado) covers about
24% of the country and is the dominant vegetation in areas
subjected to a prolonged dry season [Lascano, 1991; San
José et al., 1998; Rodrigues et al., 2011, 2013].
[3] Cerrado has been heavily impacted by human activities

over the last four to five decades, in particular, conversion to
cattle pasture and soybean and sugarcane production [Klink

and Moreira, 2002; Giambelluca et al., 2009] and has experi-
enced higher rates of deforestation than tropical forest in the
Amazon Basin [Mueller, 2003]. In general, these anthropogenic
activities increase fire frequency and decrease the woody
vegetation [Oliveira et al., 2005], converting vegetation to a
more open, grass-dominated, and shallow-rooted ecosystem.
These changes significantly affect atmospheric properties and
processes, such as boundary layer dynamics [Niyogi et al.,
1999; Baidya Roy and Avissar, 2002], convection [Pielke,
2001], cloudiness and cloud properties [Ray et al., 2003], and
precipitation [Foley et al., 2003; Pielke et al., 2007; Douglas
et al., 2009]. Forest conversion to pasture in tropical systems
can cause increases in vapor pressure deficit and surface temper-
ature [Culf et al., 1996], increase the duration of the dry season,
and cause more rainfall to be partitioned into runoff [Von
Randow et al., 2004; Costa and Pires, 2010].
[4] While human activities have been more extensive,

cerrado has received relatively little attention from researchers
in comparison with tropical rain forests [Von Randow et al.,
2004; Fisher et al., 2008; Zeri and Sá, 2010]. Past work in the
cerrado has characterized the mass (CO2 and H2O vapor) and
energy balance [Miranda et al., 1997; da Rocha et al., 2002,
2009; Santos et al., 2003; Oliveira et al., 2005; Sanches et al.,
2011; Rodrigues et al., 2013], but cerrado structure is complex,
ranging from dense and tall forests (Cerradão), mixed
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woodlands (sensu stricto), and grass-dominated ecosystems
with (campo sujo) and without (campo limpo) trees and shrubs
[Eiten, 1972; Furley and Ratter, 1988]. These structural
variations have the potential to cause large spatial and temporal
variations in energy flux partitioning; however, most of the
work done in cerrado has come from forest and woodland
systems [Miranda et al., 1997; da Rocha et al., 2002, 2009;
Sanches et al., 2011]. Thus, our goals were to characterize the
seasonal variation in energy balance for a grass-dominated
cerrado ecosystem, determine the seasonal controls on these en-
ergy fluxes, and to compare our results with those published for
other tropical ecosystems to see if there are patterns in energy
flux across regional rainfall gradients. We hypothesize that (1)
seasonal variations in sensible (H ) and latent (Le) heat flux will
be large due to seasonal variations in precipitation, (2) seasonal
variations in ecosystem phenology, estimated from the
enhanced vegetation index (EVI) derived from Moderate
Resolution Imaging Spectroradiometer (MODIS), will be the
best predictor of seasonal variations in Le, and (3) cerrado, tran-
sitional, and humid evergreen forests will have similar rates of
average annual Le despite large seasonal variation in cerrado Le.

2. Methods

2.1. Site Description

[5] The study was conducted in the Cuiaba Basin at the
Fazenda Miranda (FM), located 15 km SSE of Cuiaba,
Mato Grosso, Brazil (Figure 1). The study site was a mixed
forest-grassland (locally known as campo sujo or “dirty field”)
that was partially cleared of trees approximately 35 years ago.
Vegetation consists predominately of grasses and the tree spe-
cies C. americana and Diospyros hispida A. DC. According
to Koppen, the climate of region is characterized as Aw, tropical

semihumid, with dry winters and wet summers. Mean annual
rainfall and temperature are 1420mm and 26.5°C, respectively,
and rainfall is seasonal with a dry season extending from
May–September [Vourlitis and da Rocha, 2011]. The range
of mean monthly air temperature is wide relative to transitional
and humid evergreen tropical forests, with a minimum of
23.5°C in June and a maximum of 28.6°C in September
[Vourlitis and da Rocha, 2011]. The research area is on flat
terrain at an elevation of 157m above sea level. The regional soil
type is a rocky, dystrophic red-yellow latosol locally known as a
Solo Concrecionário Distrófico [Radambrasil, 1982].

2.2. Micrometeorological Measurements

[6] Micrometeorological and eddy covariance measure-
ments were conducted between March 2011 and 2012. A
micrometeorological tower enabled the collection of data
on air temperature (Ta), relative humidity (RH), wind speed
(u), precipitation (P), soil temperature (Ts), soil heat flux
(G), net radiation (Rn), solar radiation (Rs), soil moisture
(SH2O), latent heat flux (Le), and sensible heat flux (H). Ta
and RH were measured 10m above the ground level using
a thermohygrometer (HMP45AC, Vaisala Inc., Woburn, MA,
USA). Wind speed was measured 10m above the ground level
using anemometer (03101 R. M. Young Company), andGwas
measured using heat flux plates (HFP01-L20, Hukseflux
Thermal Sensors BV, Delft, Netherlands) installed 1.0 cm be-
low the soil surface (n=2), with one placed in a sandy soil type
and the other placed in a laterite soil type, which were typical of
the local soil in the tower footprint. Soil moisture (SH2O)
was measured using time domain reflectometry probes
installed 20 cm below the soil surface (n = 2), placed in the
two soil types described above (CS616-L50, Campbell
Scientific, Inc., Logan, UT, USA). Rn and Rs were measured

Figure 1. Location of the study site near Cuiabá-MT and locations of other study sites where latent heat
flux (Le) data were used for a comparison between values measured here and across a rainfall gradient in
Brazil. Site locations are listed in Table 2, and symbols correspond to Amazonia forests (closed circles),
transitional forests (open circles), and cerrado (inverted, closed triangles).
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5m aboveground using a net radiometer (NR-LITE-L25,
Kipp & Zonen, Delft, Netherlands) and a pyranometer
(LI200X, LI-COR Biosciences, Inc., Lincoln, NE, USA),
respectively. Precipitation was measured using a tipping
bucket rainfall gauge (TR-525M, Texas Electronics, Inc.,
Dallas, TX, USA). The sensors were connected to a data logger
(CR1000, Campbell Scientific, Inc., Logan, UT, USA) that
scanned each sensor every 30 s and stored average, and in the
case of P, total quantities every 30min.
[7] Latent (Le) and sensible heat flux (H ) were quantified

using eddy covariance. Eddy covariance sensors were
mounted at a height of 10m above ground level or 8–8.5m
above the shrub canopy. Wind direction was typically out
of the NNW and NNE, and analysis of the upwind distance
sampled by the eddy covariance system (fetch) estimated
using the model by Schuepp et al. [1990] indicated that about
90% of the flux originated within 1 km upwind of the tower.
[8] The eddy covariance system consisted of a 3-D sonic

anemometer-thermometer (CSAT-3, Campbell Scientific,
Inc., Logan, UT, USA) to measure the mean and fluctuating
quantities of wind speed and temperature and an open-path
infrared gas analyzer (LI-7500, LI-COR, Inc., Lincoln, NE,
USA) to measure the mean and fluctuating quantities of
H2O vapor. Both sensors sampled and output data at 10Hz
and were oriented in the direction of the mean wind. Raw
(10Hz) data and 30min average fluxes were stored
and processed using a solid-state data logger (CR1000,
Campbell Scientific, Inc., Logan, UT, USA).
[9] Average fluxes of Le and H were obtained by calculat-

ing the covariance between the fluctuations in vertical wind
speed and H2O vapor density and temperature, respectively,
over a 30min interval following a coordinate rotation of the
wind vectors [McMillen, 1988]. Water vapor flux was
corrected for the simultaneous fluctuations in heat following
Webb et al. [1980].

2.3. Canopy Conductance Calculation

[10] Canopy conductance (Gc) was calculated during daytime
periods (0800–1600h local time) from micrometeorological
and eddy covariance data using the inverted Penman-Monteith
equation [Monteith, 1981; Dolman et al., 1991; Harris
et al., 2004],

Gc ¼ Ga
ΔQþ ρCpDGa

� �
γLe

� Δ
γ
� 1

� ��1

(1)

where Ga is the aerodynamic conductance (m s�1; described
below), Δ is the slope of the saturation vapor pressure versus
temperature curve (kPa/K), ρ is the density of dry air (gm�3),
Cp is the specific heat capacity (J g�1K�1), D is the atmo-
spheric vapor pressure deficit (kPa), γ is the psychrometric
constant (kPaK�1), and Q is the available energy calculated
as Rn�G (Jm�2 s�1).
[11] Aerodynamic conductance, Ga (m s�1), was calculated

(equation 2),

Ga ¼ u2�
u

(2)

where u =wind speed measured from the triaxial sonic
anemometer and u*= frictional velocity calculated from eddy
covariance measurements of momentum flux [Baldocchi
et al., 1991].

[12] The average daytime (0800–1600 h) decoupling
coefficient (Ω) was calculated according to Jarvis and
McNaughton [1986],

Ω ¼ 1þ γ
Δþ γ

rc
ra

� ��1

(3)

where rc is the canopy resistance (s/m) and ra is the
aerodynamic resistance (s/m), which are the inverse of canopy
and aerodynamic conductance, respectively. Values of Ω vary
between 0 and 1, and values approaching zero indicate that
the canopy is more coupled to the overlying atmosphere
[Jarvis and McNaughton, 1986]. In tall, aerodynamically rough
canopies such as forests and/or woodlands,Ga typically exceeds
Gc, and the canopy is more aerodynamically coupled with the
overlying atmosphere. Under these conditions, variations in
Gc and Le may be more sensitive to variations stomatal con-
ductance (gs) and D than in shorter, aerodynamically smooth
canopies such as grasslands [Jarvis and McNaughton, 1986;
Jones, 1992].

2.4. Spectral Reflectance Measurements

[13] Time series of the 250m resolution, 16 dayMODIS en-
hanced vegetation index (EVI) composites (Land Products,
Collection 5, C5_MOD13Q1) were obtained for the tower site
from the Oak Ridge National Laboratory [Oak Ridge National
Laboratory-Distributed Active Archive Center, 2013]. EVI
values were averaged for the 4 pixels partially covering the
eddy flux tower. The MOD13Q1 pixel reliability band was
used to filter the EVI data and only the highest quality pixel
quartets were retained. Data gaps in the EVI time series due
to low pixel quality and/or infrequent (16 day) sampling were
filled using autoregressive integrated moving average models
[Edwards and Coull, 1987; Vourlitis et al., 2008].

2.5. Data Analysis

[14] Path analysis was used to evaluate the direct and
indirect effects of microclimate (P, Rn, SH2O, D) and the
EVI on Le and Gc [Sokal and Rohlf, 1995; Huxman et al.,
2003]. This method is similar to multiple regression but is
more appropriate when relationships between variables are
either known or hypothesized and/or when the statistical
independence between variables is uncertain [Sokal and
Rohlf, 1995]. To calculate path values we developed five
multiple regression models (Figure 2), where (1) Le or
Gc = f (average weekly P, Ta, Rn, D, SH2O, and EVI), (2)
Rn = f (average weekly P), (3) EVI = f (average weekly Rn,
D, and SH2O), (4) D = f (average weekly P, Ta, and SH2O),
and (5) SH2O= f (average weekly P, Rn, and Ta). Partial least
squares analysis was used to quantify the standardized partial re-
gression coefficient for each independent variable. Direct effects
of average weekly Rn, EVI, VPD, and SH2O on Le or Gc were
estimated as the standardized partial regression coefficients
quantified frommodel 1, while indirect effects of other variables
were quantified as the product of the standardized partial regres-
sion coefficients summed across each possible path [Huxman
et al., 2003].
[15] Daily averages and/or totals were summarized as

mean (±sd) values calculated over weekly intervals unless
specified. Diel (24 h) averages of energy flux density, micro-
meteorology, and conductance were calculated over seasonal
intervals by averaging each 30min datum for a particular
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time (e.g., 0800–0830 h). Sensor and/or infrastructure
failures caused gaps in data collection, and short-term
events such as intense rainfall led to the rejection of data.
Gaps were filled using linear regression where the missing
data series (i.e., Rn, Le, and H) was estimated from a similar
variable (i.e., Rs). These gaps accounted for< 5% of the
total possible measurements during the study period.

3. Results and Discussion

3.1. Eddy Covariance System Performance

[16] System performance was assessed by linear regression of
the energy balance closure with the sum of sensible plus latent
heat flux (H+Le) measured from eddy covariance as the
dependent variable and the difference between net radiation and
ground heat flux (Rn�G) measured from the meteorological sen-
sors as the independent variable [McMillen, 1988]. Instantaneous
(30min average) measurements H+Le accounted for only about
75% of Rn�G (R2=0.89; n=17,230), and there was a significant
y intercept (Figure 3). Thus, the eddy covariance data tended to
underestimate the net energy loss at night and the net energy gain
during the day, but the degree of closure is comparable to that
reported for other temperate and tropical forest eddy covariance
systems [Aubinet et al., 2000; Araújo et al., 2002; Malhi et al.,
2002; Vourlitis et al., 2008; Giambelluca et al., 2009]. To assess
the potential for short-term variation in energy storage, energy
balance closure was also assessed using daily averages of H+Le
and Rn�G. However, the degree of energy balance closure did
not change when average daily values were used (Figure 3b),
suggesting that instantaneous variations in energy storage were
negligible. This result is in contrast to those reported for taller,
denser, tree-dominated tropical ecosystems [Araújo et al., 2002;
Malhi et al., 2002; Vourlitis et al., 2008; Giambelluca et al.,

2009] and likely reflects the grass-dominated structure of
the campo sujo cerrado studied here.

3.2. Seasonal Variations in Micrometeorology
and Spectral Reflectance

[17] The climate of the study area is highly affected by the
seasonal variation in rainfall (Figure 4). Approximately 93%
of the recorded rainfall occurred between the months of
November and April (i.e., the wet season), with only sporadic
rainfall during the dry-season months of May–October
(Figure 4a). This pattern of rainfall is typical for this region
[Vourlitis and da Rocha, 2011]. Some months, such as
March 2011, had extremely high rainfall that exceeded
330mm, while other months, such as May, July, and August,
had no measureable rainfall (Figure 4a). Total accumulated
rainfall was 1030mm during the study period, which was on
average 27% lower than the long-term average for this region
[Vourlitis and da Rocha, 2011]. Assuming that the dry season
can be defined as the number of months with rainfall less than
100 mm/month [Hutyra et al., 2005]. The dry-season duration
for the study period spanned 6months (May–October), which
is approximately 1month longer than the long-term average
[Vourlitis and da Rocha, 2011].
[18] Trends in surface soil moisture (0–20 cm) followed

trends in rainfall closely, but changes in soil moisture in
response to rainfall pulses were much more pronounced
during the dry season (Figure 4a). Maximum values of percent

Figure 2. Path diagram of the direct and indirect effects of
average weekly precipitation (P), net radiation (Rn), soil
moisture content (SH2O), air temperature (Ta), vapor pres-
sure deficit (D), and the enhanced vegetation index (EVI)
on average weekly latent heat flux (Le) and canopy conduc-
tance (Gc).
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Figure 3. Energy balance closure for (a) 30min average
values and (b) average daily values of latent plus sensible
heat flux (H+ Le; dependent variable) versus net radiation
minus ground heat flux (Rn�G; independent variable). Also
shown are the linear regression results including the equation
of best fit, coefficient of determination (R2), and the number
of samples included in the regression.
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gravimetric soil moisture (mass water/mass dry soil) were only
on the order of 9%, which is likely due to the coarse, rocky na-
ture of the soil type that is common to the Cuiaba Basin
[Radambrasil, 1982]. Vourlitis et al. [2013] reported that the
soil was sandy (70% by weight) and rocky (65% by weight),
and these soils have very rapid infiltration rates but little water
holding capacity [Teepe et al., 2003], which causes large
fluctuations in soil moisture in response to rainfall pulses.
During the wet season, average weekly percent soil moisture
ranged between 5 and 8%, while during the dry season, soil
water content was as low as 2.1% for several weeks when
rainfall was either scarce or too low to measure (Figure 4a).
However, two dry-season periods are noteworthy, one that
occurred in the first week of June and another that occurred in
the month of October, when rainfall events caused large but
transient increases in soil moisture (Figure 4a). Once into the
wet season, other rainfall pulses, such as the one observed
during the third and fourth weeks of November lead to similar
short-term increases in soil moisture; however, wet season
variations in soil moisture were smaller than the dry-season
pulses described above.
[19] Net radiation was typically higher during the wet

season than during the dry season, although relatively larger
standard deviations during the wet season indicate large day-
to-day variations in Rn (Figure 4b) when there is frequent
cloud cover [Machado et al., 2004]. This pattern is typical
of the cerrado biome but is opposite to that observed for the

humid evergreen forest of the Amazon Basin where
prolonged cloud cover tends to reduce wet-season Rn

[da Rocha et al., 2009]. The seasonal pattern for Rs was
less pronounced than the seasonal pattern of Rn, and in gen-
eral, the highest values were observed in October–November
during the dry-wet season transition (Figure 4b). These data
suggest that the dry-season decline in Rn was due in part
to an increase in the surface albedo caused by a decline in
vegetation leaf area and/or greenness during the dry season
when soil water availability was low [Machado et al.,
2004; Ratana et al., 2005; Rodrigues et al., 2013].
[20] Temporal fluctuations in Ta (Figure 4c) were substan-

tially smaller during the wet season compared to the dry sea-
son, when frequent cold fronts that originate in southern
Brazil [Grace et al., 1996] caused Ta to fluctuate by as much
as 10°C from week to week. During the study period, the
mean (+sd) temperature was 26.3 ± 2.1°C, and the period of
the lowest average Ta was in June (23.5 ± 3.1°C), while the
period with the highest average Ta was in September
(28.6 ± 0.9°C). Weekly trends in the atmospheric vapor
pressure deficit (D) also varied over seasonal scales, with
the lowest average D (0.4–0.7 kPa) observed during the wet
season and the highest (2.5–3.0 kPa) observed during the dry
season in August and September (Figure 4c). These seasonal
variations are high compared to transitional tropical forests
[Vourlitis et al., 2008] and humid tropical forests of the
Amazon Basin [Culf et al., 1996; da Rocha et al., 2004] but
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Figure 4. (a) Total weekly precipitation (bars, left-hand axis) and average weekly (±sd) surface soil mois-
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similar to tropical savannas of central Brazil [Giambelluca
et al., 2009].
[21] Wind speed did not exhibit consistent seasonal

variations and was on average (±sd) 1.5 ± 0.3m s�1 during
the study period (Figure 4d). Relatively large day-to-day
variations were evident, which is typical of the sporadic
nature of wind speed in this region [Biudes, 2008].
[22] Seasonal trends in the EVI were large (Figure 5) and

reflected the seasonal variation in the distribution of rainfall
and soil water availability (Figure 4a). For example, the EVI
was positively correlated with rainfall (r=0.80; p< 0.001)
and SH2O (r=0.57; p< 0.001), which is consistent with
observations from other cerrado sites near Brasilia [Ratana
et al., 2005]. However, in contrast to Ratana et al. [2005], there
was no 1–2month lag in the response of the EVI to seasonal
variations in rainfall or SH2O.
[23] EVI was highest in March at the beginning of the

study period but declined consistently into the dry season.
The March�April decline in the EVI occurred despite the
411mm of rainfall recorded during this period (Figure 4a)
and is likely attributed to leaf abscission that occurs during
the wet-dry season transition for many cerrado tree species
as D begins to increase [Lenza and Klink, 2006; Silvério
and Lenza, 2010; Dalmagro et al., 2013]. Minimum values
of the EVI were observed during the peak of the dry season
(August�September), but EVI increased in late September
and into October, approximately 4weeks prior to the end of
the dry season (Figure 5). This seasonal pattern is consistent
with other cerrado sites [Machado et al., 2004; Ratana et al.,
2005], reflecting the importance of the rainfall distribution on
leaf expansion and productivity in cerrado. Spectral
reflectance (EVI and the NDVI) indicates that tree- and
grass-dominated cerrado has the same phenology in response
to rainfall; however, the dynamic range of grass-dominated
cerrado is larger than tree- and shrub-dominated cerrado be-
cause cerrado grasses have a lower dry-season minimum than
trees and shrubs [Ratana et al., 2005]. During the dry-wet
season transition, increases in rainfall have been shown to
increase the leaf production and expansion for both cerrado
grasses and trees [Mantovani and Martins, 1988; Lenza and
Klink, 2006; Silvério and Lenza, 2010]. Furthermore, many
cerrado trees exhibit a flush of new leaves at the end of the
dry season that is supported by internal water reserves
[Mantovani and Martins, 1988; Lenza and Klink, 2006;
Silvério and Lenza, 2010]. These phenological patterns are in
contrast to those reported for Amazonian forests, which exhibit
periods of leaf production and expansion during the wet-dry

season transition, because productivity is primarily light limited
in Amazonian forests but water limited in cerrado [Machado
et al., 2004; Saleska et al., 2009].

3.3. Average Diel Trends in Energy Flux Density
and Conductance

[24] Diel averages of Rn, H, Le, and G calculated for each
month exhibited large variations over the study period
(Figure 6a). Regardless of the month, Rn reached a peak at
1200 local time while trends in Le,H, andG followed closely.
However, the relative peaks in energy fluxes varied substan-
tially over the study period based on rainfall and water
availability. For example, during the wet season, midday
peaks in Le were on the order of 2–4 times higher than H
and G (Figure 6a), and Le accounted for up to 50% of the
available energy (Rn). However, during the dry season, peaks
in Le and G were comparable, while H was the dominant
pathway of energy dissipation (Figure 6a). H accounted for
up to 50% of Rn during the peak of the dry season
(September), while G accounted for nearly 30% of Rn during
the same period. Such a contribution of G during the dry
season is in contrast to other tropical ecosystems such as
tropical and transition forests, where G accounts for only
1–2% of the available energy and likely reflects the more
open canopy of campo sujo cerrado and the senescence of
grasses and other vegetation during the long dry season
[Giambelluca et al., 2009]. These seasonal variations in
energy flux occurred abruptly during the season transitions
and reflect the importance of surface water availability in con-
trolling energy fluxes in seasonal tropical ecosystems
[Miranda et al., 1997; Oliveira et al., 2005; da Rocha et al.,
2009; Vourlitis and da Rocha, 2011; Rodrigues et al., 2013].
[25] Mean daytime (0800–1600 h local time) canopy

conductance (Gc; Figure 6b) also displayed large seasonal
variation. In general, Gc exhibited maximum values in the
morning, declined during the midday (1000–1400 h local
time), and increased again during the late afternoon. This
pattern was apparent even during the wet season, when soil
water availability was high (Figure 4a) and midday Le was
at a maximum (Figure 6a). The consistent midday decline
in Gc was likely due to the midday increase in temperature
and the vapor pressure deficit (D) [Malhi et al., 2002;
Vourlitis et al., 2008; Giambelluca et al., 2009]. However,
daytime maxima and minima varied substantially over the
study period, with the highest values during the wet season
and the lowest values during the dry season, and minimum
midday values of Gc during the wet season were often higher
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than maximum values of Gc observed during the dry season
(Figure 6b). Diel values of Gc declined into the dry season
and began to increase inOctober during the dry-wet season tran-
sition when rainfall lead to an increase in surface evaporation
and the EVI (Figure 5). By the beginning of the wet season in
November, midday rates of Gc were steadily increasing, which
was coincident with an increase in soil water content
(Figure 4a), a decline in the D (Figure 4c) and an increase in
the EVI.
[26] Diel values of Ω were highest during the early

morning and late afternoon (Figure 6c) when wind speed
and aerodynamic conductance (Ga) were low (data not shown).
However, midday values of Ω were consistently< 0.12
(Figure 6c), indicating tight coupling between the vegetation
and the atmosphere and potentially strong stomatal control on
Gc [Jarvis and McNaughton, 1986; Jones, 1992], even during
the wet season when soil water availability and precipitation
were adequate to promote high values of midday Le
(Figure 6a). This result is somewhat surprising given that campo
sujo is a grass-dominated ecosystem, which is typically aerody-
namically smooth and is relatively less coupled to the atmo-
sphere than forests and woodlands [Jarvis and McNaughton,
1986; Jones, 1992]. However, campo sujo has scattered trees
and shrubs [Eiten, 1972], and at Fazenda Miranda, campo sujo
has a woody density of 533 trees/ha [Vourlitis et al., 2013],
which is apparently adequate to promote high Ga and thus,
low values of Ω. Our results are similar to those reported for
other mixed grassland-woodland savanna sites [Bagayoko
et al., 2007], indicating that tree-grass mixtures can be highly
coupled to the atmosphere. Because of the high degree of

surface-atmosphere coupling (i.e., low Ω), midday declines in
Gc were probably due to declines in stomatal conductance that
were caused by a high D [Jarvis and McNaughton, 1986;
Jones, 1992]. This interpretation is consistent with other studies
from cerrado [Giambelluca et al., 2009] and from measure-
ments of stomatal conductance for a variety of cerrado trees
[Bucci et al., 2008; Vourlitis and da Rocha, 2011; Dalmagro
et al., 2013].

3.4. Seasonal Trends in Energy Flux Density
and Conductance

[27] Temporal variations in average weekly Le were large
during the study period, especially during the wet-dry and
dry-wet season transitions (Figure 7a). The decline in Le
during the wet-dry transition was approximately 65% of the
wet-season values, with a mean (±sd) Le on the order of
100.8 ± 12.7 Jm�2 s�1 during the wet season to a mean of
43.1 ± 9.1 Jm�2 s�1 during the dry season. Transient
variations in Le were observed during the dry season, and in
general, Le increased rapidly in response to small and
infrequent rainfall events. Le increased rapidly in response
to rainfall during the dry-wet season transition in October
and increased consistently during the beginning of the wet
season to values that exceeded 120 Jm�2 s�1 by February
2012 (Figure 7a). The seasonal variations in Le are larger
and more dynamic than those observed for tropical and tran-
sitional forest [Malhi et al., 2002; Vourlitis et al., 2008;
da Rocha et al., 2009] but are comparable to those observed
for cerrado [da Rocha et al., 2002; Santos et al., 2003;
Oliveira et al., 2005; Giambelluca et al., 2009].

Figure 6. (a) Average diel trends in net radiation (Rn; black circles), latent heat (Le; white triangles), sen-
sible (H; white circles), and ground heat flux (inverted triangles) and average daytime (0900–1500 h local
time) (b) Canopy conductance and (c) the decoupling factor calculated for each month of the study period.

RODRIGUES ET AL.: ENERGY BALANCE OF A BRAZIL SAVANNA

7



[28] Smaller variations were observed for weekly average
Gc (Figure 7b) and Ω (Figure 7c) during the study period.
Gc ranged between 0.005 and 0.0075m s�1 during the
March–April 2011 wet season and declined into the dry
season in May–September (Figure 7b). However, transient
increases in Gc occurred throughout the dry season in
response to cold fronts [Machado et al., 2004] that brought rain,
wind, and colder temperatures to the region (see Figure 4). The
wet season values ofGc are similar to those reported for tropical
transitional forest [Vourlitis et al., 2008] but approximately
40–50% lower than those reported for humid evergreen
tropical forest [da Rocha et al., 2004]. However, our dry-
season values are comparable to other grass-dominated
cerrado sites [Giambelluca et al., 2009] and reflect the more
extreme drought and lower physiological activity that
occurs with cerrado trees and grasses during the dry season
[Santos et al., 2004; Vourlitis and da Rocha, 2011;
Dalmagro et al., 2013]. Ω was on average 0.48 during the
wet season and declined to a minimum value of 0.21 by
the end of September (Figure 7c), which corresponds to
the seasonal variation in D (Figure 4c).
[29] Cerrado also displays a larger and faster response to

variations in rainfall than transitional and humid tropical for-
est, especially during the dry season when drought stress is at
a seasonal maximum [Giambelluca et al., 2009]. These large
but transient increases in Le and Gc appear to be driven by
rapid evaporation in response to rainfall. To assess the re-
sponse to cerrado to rainfall pulses, we selected a period dur-
ing the dry (October, days 274–278) and wet (January, days
23–28) seasons where there was a rainfall event of 10 and
45mm, respectively. Rn was similar before and after these
rainfall events in both the dry (Figure 8a) and wet
(Figure 8b) seasons. However, during the dry season, D
was substantially higher before the rainfall pulse compared
to after (Figure 8c) while Le and Gc were substantially higher
after the rainfall pulse (Figures 8e and 8g). During this time
the EVI was at a seasonal minimum (Figure 5) and physio-
logical activity of cerrado grasses and trees are also low
due to prolonged drought [Santos et al., 2004; Vourlitis and

da Rocha, 2011; Dalmagro et al., 2013], thus the increase
in Le and Gc in response to the dry-season rainfall pulse is
presumably due almost entirely to evaporation. Such large
responses in mass exchange are more comparable to semiarid
(i.e., chaparral; [Luo et al., 2007]) and arid (desert; [Hastings
et al., 2005]) ecosystems and highlight the importance of
rainfall pulses that occur after prolonged periods of drought.
In contrast, no such variations were observed during the wet
season (Figures 8d, 8f, and 8h), even though the rainfall
event was 4 times higher during the wet season. During the
wet season, EVI is at a seasonal maximum and trees and
grasses are physiologically active, and rainfall pulses act to
increase surface and soil water content, which is already
adequate to support high rates of evaporation and transpiration
[Santos et al., 2004; Giambelluca et al., 2009; Vourlitis and da
Rocha, 2011; Dalmagro et al., 2013]. Thus, rainfall pulses
during the wet season have little effect on rates of Le and Gc.

3.5. Direct and Indirect Controls on Le and Gc

[30] Path analysis was used to quantify the direct and
indirect effects of meteorology (Rn, D, Ta), water availability
(P and SH2O), and phenology (EVI) on Le and Gc (Figure 2).
Our data indicate that Le was significantly and positively
affected by SH2O and Rn and negatively affected by D
(Table 1), which is consistent with the data reported here
and from other studies of cerrado and tropical forest Le
[da Rocha et al., 2002, 2009; Malhi et al., 2002; Santos
et al., 2003; Oliveira et al., 2005; Vourlitis et al., 2008;
Giambelluca et al., 2009].
[31] For Gc, path analysis revealed a more complex

interaction between the meteorological variables (Table 1).
For example, there was a significant direct negative effect
of Rn and D on Gc and a significant positive direct effect of
Ta on Gc (Table 1). The negative effect of D on Gc is
expected given the close coupling of the canopy and atmo-
sphere and the importance of D on stomatal conductance
[Bucci et al., 2008; Vourlitis and da Rocha, 2011;
Dalmagro et al., 2013]. However, the negative effect of Rn

is surprising, but upon closer inspection, the peaks in Gc

Figure 7. (a) Average weekly (±sd) latent heat flux, (b) canopy conductance, and (c) the decoupling fac-
tor. Shaded portions indicate the wet season.
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observed during the study period (i.e., the weeks of 10 May,
14 June, 19 July, and 23 August; Figure 7b) were associated
with short-term cold fronts that also reduced Rn (see
Figure 4). If these points are removed, the relationship
between Rn andGc becomes positive, which is expected from
previous research and theory [Dolman et al., 1991; Harris
et al., 2004]. Another interesting result was the positive
direct relationship between Ta and Gc (Table 1). Again, one
would assume that an increase in Ta would lead to a direct
increase in D and a decline in Gc; however, when averaged
by season, both Ta and Gc were higher during the wet season
and lower during the dry season (see Figures 4c and 7b),
which presumably accounts for the positive relationship.
[32] All of the indirect effects onGc, with the exception of Rn,

were smaller than the direct effects, and therefore, likely to not
be significant. However, the indirect effects of P and SH2O on
Gc were larger, and opposite in sign, than the direct effects.
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Table 1. Path Coefficients of the Direct and Indirect Effects of
Average Weekly Precipitation (P), Net Radiation (Rn), Soil
Moisture Content (SH2O), Air Temperature (Ta), Vapor Pressure
Deficit (D), and the Enhanced Vegetation Index (EVI) on Average
Weekly Latent Heat Flux (Le) and Canopy Conductance (Gc)

a

Le Gc

Variable Direct Indirect Direct Indirect

EVI �0.001 NA 0.393 NA
P 0.032 0.044 0.052 �0.411
Rn 0.976 �0.133 �0.820 �1.229
SH2O 0.282 0.209 �0.053 0.852
Ta �0.051 �0.272 2.228 �1.103
D �0.288 <0.001 �0.991 �0.023

aBold values indicate statistically significant (p< 0.05) coefficients,
determined using multiple-linear regression and only correspond to the direct
effects of each variable on Le or Gc. NA = not applicable.
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In terms of P, the effect was negative, but for SH2O, the
effect was positive, which seems hard to explain. However,
rainfall events are short-term phenomena, and during these
events, surface water availability increases rapidly, Rn declines
because of cloud cover, and Gc increases. After the rainfall
event, SH2O increases, and because of the water holding
capacity of soil, surface water availability remains high for a
longer period of time, this leading to an increase in Gc. This is
especially true during the dry-season rainfall pulses, when an
increase in Le andGc can occur over several days after a rainfall
event (Figure 8).
[33] We also hypothesized that EVI would significantly

and positively affect Le; however, path analysis failed to
reveal any significant direct or indirect effects of the EVI
on Le or Gc (Table 1). This result was surprising given that
EVI was significantly positively correlated with Le
(r = 0.74; p< 0.001) and Gc (r = 0.61; p< 0.001), but ulti-
mately, the reason why the EVI was not found to directly af-
fect Le or Gc was that all three variables (EVI, Le, and Gc)
were either directly or indirectly affected by surface water
availability. For example, both the EVI and Le were posi-
tively directly affected by variations in SH2O, while Gc was
positively indirectly affected by SH2O through its control

on D. While EVI (or leaf area) is an important control on Le
and Gc [Vourlitis et al., 2008; Giambelluca et al., 2009;
Yerba et al., 2013], variations in surface water availability
ultimately controlled temporal variations in EVI, Le, and Gc.

3.6. Comparisons to Other Studies

[34] Our data reveal large seasonal variations in energy flux
variables, but unfortunately, our study period only encompassed
one year, which precludes an assessment of interannual varia-
tions in energy balance and limits our ability to generalize our
results to other campo-type cerrado ecosystems. To determine
how “representative” our data are to other tropical ecosystems,
we surveyed the literature to assess how Le varied within
cerrado ecosystems and between other tropical ecosystems such
as transitional and humid evergreen forest (see site locations in
Figure 1). The data (Table 2) span multiple sites and/or years
and to our knowledge, are the most exhaustive summary of Le
for Brazilian tropical ecosystems to date. These data indicate
that the dry and wet season rates of Le reported here are
comparable to those reported for other cerrado ecosystems
even though annual rainfall was approximately 400mm less
than the long-term average for the region. Furthermore, the
seasonal variation that we describe here is typical of other

Table 2. Estimates of the Total Annual Precipitation (P) and the Average Latent Heat Flux (Le) for the Dry and Wet Seasons and Over
Annual Periodsa

Average Le
Difference

Site IDb
P Dry Wet Annual (Dry-Wet)

Type (mm/y) (Jm�2 s�1) (%) Reference

K34-AF 2286 98 81 90 21 da Rocha et al. [2009]
CUE-AF 2089 79 96 87 �17 Malhi et al. [2002]
K67-AF 1863 85 76 80 12 Hutyra et al. [2005]
K67-AF 1736 87 73 80 18 Hutyra et al. [2005]
K67-AF 2314 86 76 81 14 Hutyra et al. [2005]
K67-AF 2494 93 71 82 32 Hutyra et al. [2005]
K83-AF 1811 114 103 109 11 da Rocha et al. [2004]
JRU-AF 2173 109 105 107 4 von Randow et al. [2004]
SIN-TF 1999 71 74 72 �4 Vourlitis et al. [2002, 2008]
SIN-TF 2161 79 77 78 3 Vourlitis et al. [2002, 2008]
SIN-TF 2006 71 77 74 �9 Vourlitis et al. [2002, 2008]
SIN-TF 1861 74 77 75 �4 Vourlitis et al. [2002, 2008]
SIN-TF 2253 66 61 64 8 Vourlitis et al. [2002, 2008]
SIN-TF 2040 87 80 83 9 Vourlitis et al. [2002, 2008]
BAN-TF 1692 90 113 101 �20 Borma et al. [2009]
BAN-TF 1471 91 102 97 �10 Borma et al. [2009]
BAN-TF 1914 80 115 97 �31 Borma et al. [2009]
PEG-Css 1478 39 88 64 �56 da Rocha et al. [2002]
FM-Ccs 1030 43 100 72 �57 This study
FM-Ccs 1415 41 78 59 �48 Rodrigues et al. [2013]
FM-Ccs 1353 40 84 62 �52 Rodrigues et al. [2013]
IGB-Ccs 1017 47 88 68 �46 Santos et al. [2003]
IGB-Cd 1504 53 119 86 �56 Oliveira et al. [2005]
IGB-Ccs 1504 29 108 69 �73 Oliveira et al. [2005]
IGB_Cd 1440 53 68 62 �23 Giambelluca et al. [2009]
IGB_Cc 1440 40 56 49 �28 Giambelluca et al. [2009]
IGB_Cd 1440 54 75 66 �27 Giambelluca et al. [2009]
IGB_Cc 1440 41 69 58 �40 Giambelluca et al. [2009]
PAN-GF 1414 71 113 92 �38 Sanches et al. [2011]

aEstimates include the data collected in this study (see the bold values in the table) and data reported in the literature. Site information includes the vegetation type
(AF=Amazonian humid evergreen forest, TF= transitional forest, Css=Cerrado sensu strico, Ccs=Cerrado campo sujo, Cd=Cerrado denso, Cc=Cerrado campo,
and GF=gallery forest). Also shown in the percentage change in Le from wet to the dry season calculated as ((Dry Le�Wet Le)/Wet Le)*100.

bK34 =Manaus, AM (K34); CUE=Manaus, AM (Cueiras); K67 = Santarem, PA (K67); K83 =Santarem, PA (K83), SIN= Sinop, MT; BAN=Banala
Island, TO; PEG=Pe de Gigante, SP; FM=Fazenda Miranda, MT; IGB= Instituto Brasileiro de Geografia e Estatistica (IBGE) Ecological Reserve, DF;
and PAN=Pantanal, MT.
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cerrado stands but substantially less than transitional and
humid tropical forests (Table 2).
[35] Other patterns emerge when data displayed in Table 2

are graphed as a function of average annual rainfall (Figure 9).
First, dry-season rates of Le increased significantly as a function
of average annual rainfall (Figure 9a), because wetter sites have
higher water availability and/or a shorter duration in the length
of the dry season [Vourlitis et al., 2005; da Rocha et al.,
2009; Costa et al., 2010]. In contrast, wet season rates of Le
were insensitive to variations in annual rainfall indicating that

cerrado, transitional forest, and Amazonian forests have similar
rates of Le provided that surface soil water availability is
adequate. Furthermore, wetter sites typically have more fre-
quent cloud cover, especially during the wet season, which
reduces available energy (Rn), and thus, Le [Malhi et al., 2002;
da Rocha et al., 2009;Costa et al., 2010]. Over an annual cycle,
Le is found to increase as a function of average annual rainfall
because of the dry-season water limitations observed in the
drier, more seasonal cerrado sites (Figure 9c).
[36] The discussion above illustrates the importance of

precipitation amount and timing on seasonal and annual
patterns of Le, but in cerrado, similar variations may be
observed between arboreal and grass-dominated forms of
cerrado. For example, tree-dominated cerrado, such as the
Cambarazal site in the Pantanal (PAN; Table 2), exhibits
smaller seasonal variations in Le that are similar to that observed
for transitional forest [Vourlitis and da Rocha, 2011]. The lower
variation in Le for forested cerrado is due to more consistent leaf
area index (LAI) [Ratana et al., 2005] and deeper rooting depth
[Oliveira et al., 2005; Sanches et al., 2011]. Cerradowith higher
shrub and tree cover, such as denso and sensu stricto forms,
typically have higher rates of wet season and annual Le than
grass-dominated campo cerrado (Table 2) [Oliveira et al.,
2005;Giambelluca et al., 2009]. These within biome variations
in energy flux density are affected by stand structural character-
istics, such as tree density and cover, LAI, and rooting depth
[Oliveira et al., 2005; Giambelluca et al., 2009], which in turn
may be affected more by soil chemistry and physical properties
and/or disturbance regimes [Eiten, 1972; de Assis et al., 2011;
Vourlitis et al., 2013], than by the timing and/or amount of rain-
fall. Similar structural controls on Le are likely operating across
the Amazonian forest-cerrado gradient described here (Table 2
and Figure 9); however, over this larger spatial scale, variations
in stand structure are highly correlated with rainfall timing and/
or amount [Keller et al., 2004; Machado et al., 2004; Saleska
et al., 2009].

4. Conclusions

[37] Energy fluxes were measured using eddy covariance
from March 2011–2012 in a mixed grassland (campo sujo)
in south central Mato Grosso, Brazil. As we hypothesized,
our data indicate that seasonal variation in precipitation
and/or surface water availability was the most important
variable controlling energy fluxes and canopy conductance.
Seasonal variation in soil water availability (SH2O) was a
key control on Gc, and the high surface-atmosphere coupling
(i.e., low Ω) indicated that variation in stomatal conductance
may have been the most important control on rates of Gc,
especially during the dry season when water stress limits
stomatal conductance. Gc, Le, and Ω exhibited rapid and
dynamic responses to rainfall pulses that were qualitatively
similar to those observed from arid and semiarid ecosystems.
[38] Such large seasonal variations were typical for many

cerrado ecosystems, but as annual rainfall increased, seasonal
variations in Le diminished. For example, estimates of Le
described here and in the literature indicate that dry-season
rates of Le are positively correlated with average annual rain-
fall, because water limitations decline in wetter areas. In con-
trast, wet season rates of Le are insensitive to average annual
rainfall because of a release of drought limitations in water-
limited systems (cerrado) and more intense and/or frequent
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Figure 9. Estimates of (a) dry season, (b) wet season, and
(c) average annual latent heat flux as a function of average
annual precipitation from this study and from Amazonian
humid evergreen forests (black circles), transitional forests
(white circles), and cerrado (inverted triangles) reported in
the literature (see Table 2 for data sources and Figure 1 for
approximate site locations). Significant linear trends are
depicted with the line and equation of best fit, coefficient of
determination (R2), and the probability that the line is signif-
icantly different from zero (p).
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cloud cover in wetter areas. Over an annual basis, average Le
increases significantly across the approximately 1400mm
rainfall gradient in tropical Brazil because of the strong
dry-season water limitations to Le in cerrado, and to a lesser
extent, transitional tropical forest.
[39] Our data indicate a high sensitivity of cerrado energy

balance to seasonal variations in rainfall. Land cover and
climate change are expected to lead to an increase in the dry-
season duration and a decrease in rainfall. The high-sensitivity
energy partitioning to water availability in the grass-dominated
cerrado studied here, and other cerrado ecosystems reported in
the literature, has important implications to local and regional
energy balance.
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