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A B S T R A C T

The energy balance closure obtained through the eddy covariance method is a problem which persists, despite
advances in the development and improvement of instruments and recent efforts in the description of corrections
and in the characterization of measuring uncertainties. In most places the sum of sensible and latent heat fluxes
(H and λE) is less than available energy, i.e. the difference between net radiation (Rn) and soil heat flux (G). This
study analyzed the annual and seasonal behavior of the energy partitioning and energy balance closure in the
Caatinga Biome, which is a seasonally dry tropical forest located in the semiarid lands of Brazil, using the eddy
covariance method. Results showed high seasonal variability in the energy partitioning. During the dry season,
approximately 70% of Rn was converted into H and less than 5% of it was converted into latent heat flux (λE).
During the wet season, the Rn portion converted into H and λE was similar: ˜ 40%. In annual terms, the Rn
portion converted into H and λE was of the order of 50% and 20% respectively. The degree of the energy balance
closure varied depending on the method used. When the closure was calculated using orthogonal regressions, the
slope varied from 0.87 to 0.90 in 2014 and from 0.92 to 1.00 in 2015. However, when the closure was calculated
by the energy balance ratio method, values varied from 0.70 to 0.79 in 2014 and from 0.73 to 0.82 in 2015. The
closure was better in 2015 if compared to 2014 possibly due to the more intense turbulence observed in 2015
because friction velocity was higher than in 2014. The better closure in 2015 may also be associated with large
eddies, which were more frequent in 2014 as evidenced by the correction coefficients for vertical wind velocity
and water vapor and vertical wind velocity and sonic temperature. The energy balance closure was also analyzed
considering atmospheric instability conditions and the best results were found under very unstable conditions,
while the least expressive results were found under stable conditions. Under these conditions negative values of
the energy balance ratio were also observed during dry and transition seasons, indicating that fluxes were
reversed during these periods.

1. Introduction

Seasonally Dry Tropical Forests (SDTF) occupy wide areas in the
tropical regions of most continents which have dry seasons (defined as
the number of months with rainfall ≤ 100 mm) with a duration of up to
six uninterrupted months (Murphy and Lugo, 1986; Allen et al., 2017;

del Castillo et al., 2018). In the Neotropics, these forests are found
surrounding the Amazon basin and extending north towards Mexico
and the Caribbean (Linares-Palomino et al., 2011; Banda-R et al., 2016;
Santos et al., 2012). Despite their wide distribution in South America,
most of the SDTF occur as isolated patches. The only exception is the
Caatinga Biome (Northeast of Brazil), in which there is a functional
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ecosystem covering an area of approximately 800,000 km2 (Santos
et al., 2012; Koch et al., 2017). In addition, this biome has been iden-
tified as one of the most important wildlife areas of the planet and one
of its most biodiverse and highly endemic dry forests (Mittermeier
et al., 2003; Pennington et al., 2006; Holzman, 2008; Santos et al.,
2014; Koch et al., 2017).

The Caatinga is characterized as a deciduous thorny savannah
(Tsuchiya, 1995). Its natural environment, the Brazilian Semiarid, has a
mean temperature of 25 °C with little variability throughout the year.
Mean annual rainfall ranges from 300 mm to 1000 mm, concentrated
mostly in a 3–4 months period (during summer and autumn), followed
by an extended dry season lasting from 8 to 9 months (between winter
and spring) (Pagoto et al., 2015; Oliveira et al., 2017). On the other
hand, potential evapotranspiration rates are high (between 1500 and
2000 mm−1 year) and the soil is shallow and rocky, with a reduced
capacity for water absorption (Pagoto et al., 2015).

Reports by the Brazilian Panel on Climate Change (PBMC, 2014)
project an increase of 0.5° to 1 °C in air temperature and a decrease
between 10% and 20% in rainfall rates in the Caatinga during the next
three decades (2020–2040). Furthermore, temperature is expected to
gradually increase by 1.5° to 2.5 °C in the 2041–2070 period while
rainfall rates are expected to decrease by 25% and 35% in the same
period. These projections suggest that by the end of the 21 st century
the Caatinga Biome will be considerably more arid, with the occurrence
of longer droughts and more severe water shortage, exposing its bio-
diversity to a potentially catastrophic risk (PBMC, 2014; Marengo and
Bernasconi, 2015).

Given this scenario, the following questions arise: is the Caatinga
Biome tolerant to a more arid, warmer environment? What is the
threshold of increasing aridity and warming to which Caatinga species
can tolerate? According to the scientific literature, the answers to these
questions are still unclear (Santos et al., 2014; Allen et al., 2017). These
knowledge gaps exist due to the uncertainty of the scientific knowledge
that has been generated about SDTF, as reported by Dombroski et al.
(2011) and Koch et al. (2017).

Terrestrial ecosystems play an important role in the global cycle of
carbon dioxide, as they are considered CO2 sinks. Because of that, they
are key elements in the mitigation of the effects of climate change
(Schimel et al., 2001; Luyssaert et al., 2007; Beer et al., 2010). There-
fore, it is of the uttermost importance to investigate water vapour ex-
change mechanisms and the physical processes associated with the
energy balance in a variety of terrestrial ecosystems, in order to better
understand their functioning and the feedbacks (Pielke et al., 1998) that
control the CO2 cycle (Baldocchi et al., 2004; Hao et al., 2007) and their
relationship with climate change (Foley et al., 2003). Thus, measure-
ments of heat and mass exchanges in ecosystem-atmosphere interac-
tions are crucial for understanding the dynamics of the climate system,
as well as for evaluating dynamical climate models (Jaeger et al., 2009)
and validating energy fluxes estimated by remote sensing (Xu et al.,
2017).

There is a shortage of scientific studies concerning energy and
carbon balances in the Caatinga Biome, in such a way that it is difficult
to estimate its impact in regional and global CO2 balance. Studies with
this purpose in the Caatinga are still incipient despite some recent ad-
vances (Teixeira et al., 2008; Souza et al., 2016; Pires et al., 2017; Silva
et al., 2017) in the State of Pernambuco, in areas of preserved or in-
recovery vegetation during years of below-average rainfall. In Brazil,
such studies have been carried out in different biomes, such as the
transition zone between the savanna and the Amazon forest, rainforests
and pastures, the Cerrado, wetlands (Pantanal Biome) and eucalyptus
forests (Vourlitis et al., 2001; da Rocha et al., 2009; Cabral et al., 2010;
von Randow et al., 2004; 2013; Cabral et al., 2015; Biudes et al., 2015).
However, as noted, most of these studies were carried out in the
Amazon region (da Rocha et al., 2004; Sotta et al., 2007; Meir et al.,
2008; Araújo et al., 2010; Metcalfe et al., 2010. Zeri et al., 2014). The
eddy covariance technique (EC) is the most widely used method in the

scientific literature to determine mass and heat fluxes in the soil-ve-
getation-atmosphere interface (Baldocchi et al., 2001; Baldocchi,
2008). Despite the generally good reliability of the EC method, there is
usually an incongruity between the sum of eddy fluxes of sensible and
latent heat +H E( ) and the sum of the available energy (net radiation
minus soil heat flux), where the difference between these sums can vary
from 10% to 30%, resulting in the non-closure of the energy balance
(Wilson et al., 2002; Foken, 2008; Leuning et al., 2012). According to
McGloin et al. (2018), the energy balance closure (EBC) directly affects
the evaluation of E and H, and it is also potentially relevant to the
interpretation of other fluxes, such as CO2 (Wilson et al., 2002; Barr
et al., 2006). Thus, the lack of EBC incurs in important implications
when estimating energy, water and carbon budgets using EC flux
measurements.

According to Gerken et al. (2018), despite recent efforts such as
research in developing the fundamental equations for eddy covariance,
developing and improving instruments, describing corrections, and
characterizing measurement uncertainty (e.g., Massman and Lee, 2002;
Moncrieff et al., 2005; Papale et al., 2006; Gu et al., 2012; Leuning
et al., 2012) the energy imbalance problem still persists on all types of
surfaces.

The lack of EBC might be explained by several reasons. Some errors
may result in the overestimation of the available energy, while others
incur in the underestimation of turbulent fluxes (Wilson et al., 2002;
McGloin et al., 2018). According to Foken (2008), possible reasons for
the overestimation of the available energy could be the overestimation
of Rn and erroneous quantification of the energy stored in the soil, in
the air below the tower or in the vegetation. However, with the im-
provement in the accuracy of radiometers it is unlikely that Rn mea-
surement errors are the main cause of the EBC problem.

According to Leuning et al. (2012), precise measurements of avail-
able energy require net radiation data and soil, air and biomass heat
storage data for each half-hourly average period, which is the time
interval typically used by the scientific community for the measurement
of fluxes. Phase lags caused by incorrect estimates of the storage terms
are considered one of the important reasons why the sum of sensible
and latent heat fluxes systematically underestimates available energy at
this time scale.

Another possible explanation for the lack of EBC is the occurrence of
low frequency turbulence that is not captured by the EC system (Eder
et al., 2014; McGloin et al., 2018; Stoy et al., 2013). Recently, the effect
of phase differences between vertical wind velocity and water vapor in
the energy balance closure has been studied (Gao et al., 2017; McGloin
et al., 2018).

Considering the importance of research on the energy balance be-
tween terrestrial ecosystems and the atmosphere, as well as the
shortage of this type of study in the Caatinga Biome, the present re-
search provides an analysis of the annual and seasonal behavior of the
energy balance closure and partitioning in a preserved Brazilian semi-
arid Caatinga forest. Additionally, it aims to analyze the relationship
between EBC, friction velocity and the stability parameter.

2. Material and method

2.1. Study area

The study was conducted in a preserved fragment of a seasonally
dry tropical forest, the Caatinga Biome, in the Semiarid of the Northeast
Brazil (6°34′42″S, 37°15′05″W, 205 m above sea level). A micro-
meteorological tower equipped with an EC system at a 11 m height was
installed in a conservation unit of the Caatinga Biome, the Seridó
Ecological Station (ESEC-Seridó), near the town of Serra Negra do
Norte, in the Rio Grande do Norte State (Fig. 1). The area of the ESEC-
Seridó is managed by the Chico Mendes Institute for Biodiversity
Conservation (ICMBio). The micrometeorological tower belongs to the
Brazilian National Institute of Semiarid (INSA) and is part of the
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National Observatory of Water and Carbon Dynamics in the Caatinga
Biome (NOWCDCB) network.

The ESEC-Seridó comprises an area of 1163 ha of reminiscent
Caatinga, characterized by dry xerophilous forest and deciduous plant
species and the predominance of widely dispersed small trees and
shrubs, with less than 7 m in height and herb patches, which develop
and grow only during the wet season (Souza et al., 2012; Freitas et al.,
2010; Althoff et al., 2016; Tavares-Damasceno et al., 2017). The pre-
dominant soil type is Litholic Neosol (Entisol in the North American
classification), shallow (approximately 40 cm), stony and of low ferti-
lity (EMBRAPA, 2006; Althoff et al., 2016). The climate of the region is
semiarid, Köppen’s Bsh low longitude and altitude (Alvares et al.,
2014), with the wet season occurring between the months of January
and May, mean annual rainfall of 700.0 mm, mean annual temperature
of 25.0 °C, and mean annual air humidity around 60% (30-yr mean)
(INMET, 1992). The slope of the terrain ranges between 1–3 degrees.

2.2. Measurements and data

The field experiment was carried out from 01 January 2014 to 31
December 2015. Micrometeorological tower measurements provided
two data sets: high frequency data from the EC measurements, and low
frequency data. The high frequency data set consists of measurements
of CO2 and water vapor concentration, sonic temperature and the three
wind components (ux, uy, uz) obtained using an EC150 Open-Path CO2/
H2O Gas Analyzer combined with the CSAT3A 3D Sonic Anemometer
(Campbell Scientific, Inc., Logan, UT, USA). Since the EC150 is being
used along with the sonic anemometer, they were installed pointing
towards the predominant wind direction (southeast) in order to mini-
mize flux distortions by the analyzer arms or by other support parts.
Atmospheric pressure was measured using an Enhanced Barometer
PTB110 (Vaisala Corporation, Helsinki, Finland) while air temperature
and relative humidity were measured using a HMP155 A probe (Vaisala
Corporation, Helsinki, Finland). All these measurements were collected
and stored at a 10 Hz frequency in a memory card attached to a
CR3000 model Datalogger (Campbell Scientific, Inc., Logan, UT, USA).

The low frequency dataset includes net radiation and albedo, which
were obtained by a CNR4 Net-radiometer (Kipp & Zonen, The
Netherlands). Air temperature and relative humidity were measured
using a HMP45C probe (Vaisala Corporation, Helsinki, Finland). All
sensors were installed at 11.0 m of height above the surface, around
4.0 m above the trees in the site. Soil heat flux density (G, W m−2) was

obtained through the average value between the measurements of two
model HFP01SC plates (Hukseflux Thermal Sensors, Delft, The
Netherlands), installed at a depth of 0.05 m. The soil heat flux plates
were installed in order to more faithfully represent the general land
cover. Thus, installation directly under the tree canopy and in fully
open areas was avoided. All data were sampled at a 5 s frequency and
stored as half-hourly averages.

Meteorological conditions during the experiment were assessed
through daily global radiation (Rg), air temperature (Ta) and vapour
pressure deficit (VPD) values. The VPD is the difference between the
saturation e( )s and actual e( )a vapor pressure. The method used for the
calculation of VPD can be found in Allen et al. (1998).

2.3. Energy balance – closure and partitioning

The EB equation expresses the conversion of net energy into energy
and mass fluxes between the canopy and the atmosphere. We neglected
the energy stored in the canopy and the energy used in photosynthesis
and respiration because they represent less than 2% of the net radiation
(Heilman et al., 1994), especially in environments with lower canopy
and leaf density, such as the Caatinga. However, observational evidence
indicates that the EB equation produces a residual or deficit (Eq. (01))
which corresponds to the unmeasured metabolic terms, energy stored in
the canopy, heat storage terms and differences between real radiation
and turbulent fluxes versus their measured counterparts (Foken, 2008;
Georg et al., 2016; Gerken et al., 2018; McGloin et al., 2018).

= Rn E H G (01)

where Rn is the net radiation, E, H and G are the latent heat flux,
sensible heat flux and soil heat flux densities, respectively, expressed in
W m−2. Usually is considerably larger than the 2% reported by
Heilman et al. (1994).

The term is the EBC problem which was assessed using two
methods. The first consisted in the calculation of orthogonal regression
coefficients between half-hourly turbulent fluxes estimates ( +E H ,
dependent variables) and the available energy (Rn G, independent
variables).

The second method used was the calculation of the bulk EBC frac-
tion (hereinafter referred to as EBR), which is the ratio between the
cumulative sums of +E H and Rn G for each half-hour (Franssen
et al., 2010; McGloin et al., 2018):

Fig. 1. Location of the Caatinga Biome in relation to South America and Brazil (left figure), elevation of the Caatinga Biome (mid figure), and land cover around the
ESEC-Seridó (right figure).
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The dataset used in the EBR analysis consisted of intervals in which
all half-hourly energy balance data were available or data with gaps
that could be filled with the gap-filling procedure, which will be de-
scribed in Section 2.4.

The EBR was analyzed in relation to the friction velocity u( )* and the
stability parameter ( ). According to Gao et al. (2017) and McGloin
et al. (2018), signals of vertical wind velocity and water vapor asso-
ciated with large eddies (linked to entrainment and advection) result in
an increase of . Thus, the relationships between the degree of EBR and
the correction coefficients for vertical wind velocity and water vapor
R( )wq and vertical wind velocity and sonic temperature R( )wT were

analysed. The Rwq and RwT correction coefficients were calculated
through the following equations (Kaimal and Finnigan, 1994; McGloin
et al., 2018):

=R w q̄
wq

w q (03)

=R w T̄
wT

w T (04)

where w, q and T are the vertical wind velocity (m s −1), water vapor
(mmol m−3) and sonic temperature (K) standard deviations and w , q
and T are the turbulent components of the vertical wind velocity, water
vapor and sonic temperature.

2.4. Data processing and post processing

For the retrieval of E and H we used the LoggerNet (Campbell
Scientific, Inc., Logan, UT, USA) software in order to transform 10 Hz
raw data into 30 min binaries (TOB1). Afterwards, high frequency data
were processed using the EdiRe software, transforming data into half-
hourly averages. Data processing includes the detection of spikes, delay
correction of H2O/CO2 in relation to the vertical wind component,
coordinates correction (2D rotation) using the planar fit method, cor-
rection of spectral loss, sonic virtual temperature correction, correc-
tions for flux density fluctuations (Webb et al., 1980), as well as the
incorporated frequency response correction derived from Moore (1986)
and Massman (2000). We also applied corrections regarding the re-
duction of wind velocity or the increase in turbulence caused by the
shadow of the tower and the sensor. As the sensor was installed in order
to remain pointed towards the predominant wind direction according to
the equipment user guide (Campbell Scientific Inc., 2012), there were
few data in the shadow zone direction.

For the detection of spurious data (spikes) we used a method de-
scribed by Papale et al. (2006) based on the comparison between the
difference of the 30 min flux value and the values immediately before
and after it. This procedure was applied in an N = 60-day interval,
using the median absolute deviation about the median (MAD).

Besides the careful maintenance and periodic calibration of the in-
struments, data were submitted to a rigorous post-processing proce-
dure. The assessment of data quality was performed according to
Mauder and Foken (2004) with indexes 0, 1 and 2 representing high-
quality data (class 1), medium-quality data (class 2) and low-quality
data (class 3), respectively. Only class 1 and 2 data were analyzed,
while class 3 data (low-quality data) were discarded. Furthermore, data
associated with the malfunctioning of the sensor and undeniably in-
consistent data were rejected. After the application of all filtering cri-
teria 77% of H and 64% of λE data were available for analysis. Thus,
23% of the H data was gap-filled, with 16% of nightime data and 7% of
daytime data. On the other hand, 36% of the λE data was gap-filled,
with 25% of nightime data and 11% of daytime data.

Gap filling due to data inconsistency and the rejection of spurious
values was carried out by using the method described by Reichstein

et al. (2005), which takes into consideration the covariance between
fluxes and meteorological variables and also the temporal auto-corre-
lation of fluxes. To fill the gaps we used an automated online tool
provided by the Max Planck Institute.

2.5. Footprint calculation

The area in which fluxes were measured was evaluated through a
footprint model developed by Kljun et al. (2015). The information re-
quired for the model are the height of flux measurement (zm), the zero-
plane displacement height (d), the surface friction velocity u( )* , the
standard deviation of the vertical wind speed ( )w and the roughness
length (z0). According to Kljun et al. (2015) parameterization is valid
for moderate friction velocity values >u m s( 0,1 )*

1 and for a limited
range of boundary layer stability conditions z L( 15,5 / )m , where L is
the Monin-Obukhov length. For our study area we used =d h(2/3) and

=z h0.1230 , where h is the canopy height, considered equal to 6 m.

2.6. Seasonal behavior of the Caatinga in response to rainfall

The seasonal behavior of the vegetation in response to rainfall was
evaluated using NDVI (Normalized Difference Vegetation Index) data,
computed from the red and near infrared reflectance values obtained by
the MODIS (Moderate Resolution Imaging Spectroradiometer) sensor
aboard the Terra satellite, made available by the USGS (United States
Geological Survey) (https://earthexplorer.usgs.gov). NDVI data were
obtained from the MOD13A2 (v006) product – Land Vegetation Indices,
that provides NDVI values every 16 days period, selecting the best
values in this period considering clear sky conditions and the imaging
angle (Didan et al., 2015).

3. Results

3.1. Meteorological conditions

Fig. 2 shows the time series of daily global radiation data (Rg),
vapor-pressure deficit (VPD), air temperature (Ta), and rainfall for the
years 2014 and 2015. Rg clearly shows seasonality with higher values
during the austral summer, and lower in austral winter. In 2014, Rg
ranged from 11.4 MJ m−2 day-1 (07 July) to 27.6 MJ m−2 day-1 (20
January) and annual mean of 22.0 MJ m−2 day-1 (Table 1). In 2015, the
same months showed minimum and maximum values of 11.0 MJ m−2 -1

day in 25 July and 27.5 m−2 MJ-1 day in 16 January (Fig. 2a).
The VPD ranged from 0.2 to 2.7 hPa during the year 2014 and from

0.30 to 3.0 during the year of 2015 (Fig. 2b). During 2014 the max-
imum and minimum values of VPD occurred in April and December,
respectively. In 2015, the maximum occurred in April and the minimum
in November. This behavior is expected, since April is the wettest
month considering the 30-yr mean. The months of November and De-
cember mark the end of the dry season and, naturally, the driest period
of the year, thus the variability of Ta (Fig. 2c) showed seasonality co-
herent with the seasonal cycle of Rg, which is expected in this tropical
region. During 2014, the mean Ta was 28.9 °C, ranging from 24.7 °C to
32.2 °C; while in 2015, the mean was 29.5 °C, varying from 25.5 °C to
32.2 °C. The occurrence of higher Ta values during the year 2015 is
attributed to the occurrence of a very strong El Niño episode, and Rg
and VPD were higher than the 30-yr mean for the study area (Table 1).

Daily rainfall during 2014 and 2015 are shown in Fig. 2d. It is noted
that in 2015 rainfall was more concentrated if compared to 2014.
Considering rain days (days with rainfall larger than 1.0 mm), 71 were
registered in 2014 while 34 were registered in 2015. Days with rainfall
higher than 50 mm were observed in 2015 while such events were not
observed in 2014. In almost every month of 2014 there were rainfall
events, while in 2015 no rainfall event was registered from August to
December. It is important to highlight that during the study period
annual rainfall was considerably lower than the 30-yr mean (Table 1).
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The annual accumulated rainfall was 513.0 and 466.6 mm, during 2014
and 2015, respectively. These values imply negative anomalies as high
as 40%, since the mean climatological value is of 758.0 mm (Table 1).

These results show that weather conditions over the study area are
highly affected by rainfall seasonal variability. Based on daily rainfall
values, a seasonal division of the year was proposed (Fig. 2), which was
used in all analysis in this study. The response of the Caatinga

vegetation to rainfall is illustrated by the NDVI curve (Fig. 3), with a
seasonal variability which is in accordance with the seasonal variability
of rainfall during both years (Fig. 2d). During the wet season the NDVI
reaches its maximum values ( 0.80). On the other hand, NDVI de-
creases consistently during the wet-dry transition season until it reaches
its lowest values ( 0.30) in the dry season. During the dry season, leaf
loss due to the desiccation tolerance mechanism in response to water
stress and the increase in VPD can be interpreted as minimum NDVI
values, highlighting the reduced photosynthetic activities which are
restricted to the few plant species that manage to keep their leaves all
year round. The maximum NDVI values in the wet season are associated
with higher carbon assimilation by plants and increased vegetation
productivity.

3.2. Footprint, wind direction and speed

The footprint presented seasonal variability, with values ranging
from 150 m (wet season) to 200 m (dry season). However, in both cases,
the footprint did not exceed the distance from the flux tower to the
border of the continuous Caatinga area, which is farther than 300 m.
The local wind direction during the studied period was predominantly
southeast (SE) (Fig. 4).

However, a notable intensification of wind speed in 2015 (average
of 2.8 m s−1) relatively to 2014 (average of 2.5 m s−1) was observed.
Daily cycles of wind speed are shown in Fig. 5, exhibiting a bimodal
pattern with similar maximums around 3.5 m s−1 (2015) and 3.2 m s−1

(2014). The first maximum occurs around 10:00 LST, associated with
thermal turbulence, which is a result of the intense surface heating
during the first few hours of the day, destabilizing the planetary
boundary layer and intensifying wind velocity. The second maximum
was observed at 21:00 LST, probably influenced by the occurrence of
mechanical turbulence, by means of vertical wind shear mechanisms,
which can occur intermittently during the night. In seasonal terms, the
bimodal pattern was observed only during dry and dry-wet transition
seasons, when the second maximum (21:00 LST) was more intense than
the first one (10:00 LST). During wet and wet-dry transition seasons the
second maximum was lower in magnitude in both years.

3.3. Energy partitioning

Fig. 6 shows the average daily cycle of the energy balance compo-
nents observed in the Caatinga during each season in 2014 (left panel)
and 2015 (right panel). Regarding mean annual values, one can note
that H values corresponded to more than 50% of the Rn and that E
values corresponded to approximately 20% of Rn. In general, the
components behave according to the daytime behavior of solar radia-
tion, with maximum values occurring between 11:00 and 12:00 h (local
time). Most of Rn during the daily cycle is clearly converted to H , ex-
cept in the wet seasons of 2014 and 2015. However, even during the
wet season, the E portion does not exceed H, when both represent

Fig. 2. Meteorological conditions during the studied period: (a) global radia-
tion (Rg); (b) vapor-pressure deficit (VPD); (c) air temperature (Ta); (d) rainfall.

Table 1
Global radiation (Rg), air temperature (Ta), vapour pressure deficit (VPD) and
rainfall annual means and climatology in the studied site.

2014 2015 Climatology

Rg (MJ m−2 day-1) 22.0 22.6 21.6
Ta (° C) 28.9 29.5 26.8
VPD (kPa) 1.7 1.9 1.3
Rainfall (mm) 513 466 758

Fig. 3. NDVI in the Caatinga (ESEC-Seridó) during the years of 2014 and 2015.
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around 40% of Rn. These high H values illustrate the aridity conditions
to which the region has been subjected since 2012. During the dry
season (Fig. 6g and h), the values of E are very small, and during the
transition seasons (Fig. 6a and b, e and f), the values of G and E are
approximately equivalent. The residual has a daytime behavior similar
to that of E in the transition seasons (Fig. 6a and b, e and f), and a
quite different behavior during wet and dry seasons (Fig. 6c and d, g
and h), when it is higher during the morning and decreases after 12 h

(local time).
Table 2 shows the mean seasonal and annual values of the compo-

nents of the energy balance and its partition, in addition to mean NDVI
values. Mean seasonal Rn values ranged from 128.3 in the wet-dry
season to 174.6 W m−2 in the dry season, in accordance with the annual
variation of solar radiation. Minimum and maximum H and E values
occurred oppositely during dry and wet seasons. Mean E fluxes ranged
from 3.4 W m−2 (during 2014, dry season) to 71.5 W m−2 (during
2014, wet season), while H values ranged from 59.7 W m−2 (during
2014 wet-dry season) to 120.0 W m−2 (during the dry season of 2015).
In general, mean seasonal and annual G values were low, less than
7.0 W m−2 and with a seasonal variability similar to that featured by H .
The highest G values occurred during the dry season and during the
dry-wet transition season, periods in which the Caatinga is defoliated
and the soil is more exposed to radiation.

The Rn portion converted to E during the dry season was less than
5.0%, while in the wet season it was over 40%. On the other hand, Rn
portion converted to H ranged from 40% (wet season) to approximately
70% (dry season). Rn values converted into G represented less than 5%
of the total Rn. The energy balance residual was 24%, ranging from
17% (wet season) to 29% (wet-dry transition) (Table 2). Still according
to Table 2, one can note that the mean variability of the Bowen ratio (β)
was high, ranging from 0.83 (wet season) to 35.29 (dry season), with
higher values in 2015.

3.4. Energy balance closure

Energy balance closure was analyzed considering a total of 35,040
data, which 2552 (˜7%) were discarded after all corrections and gap-
filling were carried out. Canopy storage and photosynthesis data were
not calculated. The regression coefficients between +E H and Rn G
for each season are shown in Table 3. The slope ranged from 0.87 (wet-
dry transition season) to 0.90 (wet season) with an annual value of 0.89
in 2014 and from 0.92 (dry season) to 1.00 (wet season) with an annual
value of 0.95 in 2015 (Table 3 and Fig. 7). The intercept values were all
negative, ranging from -17.8 W m−2 (wet season) to -26.7 W m−2 (dry
season) with an annual value of -21.9 W m−2 in 2014 while in 2015 the
intercept ranged from -22.5 W m−2 (wet-dry transition season) to
-31.3 W m−2 (dry season) with an annual value of -29.2 W m−2.
(Table 3 and Fig. 7). The coefficient of determination ranged from 0.95
to 0.97. EBR values varied seasonally from 0.70 (wet-dry transition
season) to 0.79 (wet season) with an annual value of 0.75 in 2014
(Table 3 and Fig. 7). Still according to Table 3 and Fig.7, during 2015
the EBR varied seasonally from 0.73 (wet-dry transition season) to 0.82

Fig. 4. Wind direction and cumulative frequency during the studied years in the study area. Colors represent wind speed classes.

Fig. 5. Seasonal mean daily wind speed cycle during a) 2014 and b) 2015 and
c) mean annual daily cycle.
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(wet season) with an annual value of 0.76, higher values during the wet
season and lower values during the wet-dry transition season.

Table 3 and Fig. 7 show that during the year of 2015 energy balance
closure was considerably better than in 2014. The most likely ex-
planation for the better closure in 2015 is based on aspects of atmo-
spheric turbulence which was more intense this year, as shown by the
daily variation of friction velocity u( )* which presents the same bimodal
behavior, however with values always higher in the year 2015 (Fig. 8).

The important role of turbulence intensity in the energy balance
closure is also observed through the relationship between the EBR and
u* (Fig. 9a and b). According to Fig. 9a, b and Table 4, EBR values
greater than 0.70 occur for u 0.3* m s−1 in the entire period (‘All’
seasons) in 2014 and for u 0.4* m s−1 in 2015 (Table 4). On the other
hand, in both years an EBR > 0.70 is reached for >u m s0.20*

1 in the
wet season while in the dry season it is reached for >u m s0.40*

1

(Table 4). During the dry-wet transition season an EBR value greater
than 0.70 was found for >u m s0.30*

1 in 2014 and for >u m s0.40*
1

in 2015. The difference observed between both years is due to different
rainfall volumes during this season. During the wet-dry transition

season, EBR values greater than 0.70 were observed, in both years, for
>u m s0.40*

1.
In order to confirm or refuse the hypothesis that the better energy

balance closure observed in 2015 if compared to 2014 was due to the
higher turbulence caused by stronger winds in 2015, we calculated the
annual values of the Rwq and RwT coefficients. Fig. 10a and b show the
relationship between EBR and Rwq and RwT , respectively. The +E H
and Rn G data used to calculate the EBR values were grouped into 10
Rwq and RwT categories using percentiles as described by McGloin et al.
(2018). Still according to McGloin et al. (2018), because there may be
relationships between Rwq and RwT and and u* (variables which are
known to influence EBC), the +E H and Rn G data were limited to
daytime periods when < -0.10 and u* > 0.30 m s−1. Fig. 10a shows
that the relationship between EBR and Rwq is not direct. It is observed
that for Rwq lower than 0.27 in 2014 and lower than 0.31 in 2015 the
relationship is inverse, that is, the EBR decreases when Rwq increases.
The relationship becomes direct for Rwq values higher than the afore-
mentioned critical points (0.27 in 2014 and 0.31 in 2015). From these
values on, one can clearly note that the EBR increases with the increase

Fig. 6. Mean daily cycle of energy fluxes in 2014 (left panel) and 2015 (right panel) during dry-wet transition season (a and b); wet season (c and d); wet-dry
transition season (e and f); and dry season (g and h). Vertical bars indicate the standard deviation of fluxes.
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of Rwq. The relationship between EBR and RwT , however, is direct and
EBR clearly increases with increasing RwT in all its ranges.

The relationship between the EBR and surface instability conditions
is presented in Fig. 11a (2014) and Fig. 11b (2015), which indicate
highest values of EBR (from 0.73 to 0.92) occurring under very unstable
conditions <( 0.50) to slightly unstable conditions

<( 0.50 0.10), representing approximately 50% of the data
during the study period, except during the wet-dry transition and dry
season in 2014 (Table 5) in which EBR values are smaller. In neutral
conditions ( 10 10) EBR values ranged from 0.64 (dry season of
2014) to 0.81 (wet season of 2015). On the other hand, in stable con-
ditions ( 0.10), which take place mainly during transition times
(sunrise and sunset), EBR values were very low (predominantly below
zero), although this condition represents less than 10% of all data
during all seasons (Table 5). This behavior was observed because weTa
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Table 3
Mean values of the slope, intercept and R2 of the linear regression of λE+H
against Rn-G, separated by seasons of the studied years. The values of the en-
ergy balance ratio (EBR) are also included.

Season Dry-Wet Wet Wet-Dry Dry

2014 2015 2014 2015 2014 2015 2014 2015

Slope 0.89 0.95 0.90 1.00 0.87 0.94 0.89 0.92
Intercept −21,7 −29.6 −17.8 −29.2 −22.2 −25.5 −26.7 −31.3
R2 0.97 0.97 0.95 0.95 0.96 0.95 0.97 0.97
EBR 0.75 0.77 0.79 0.82 0.70 0.73 0.75 0.75

Fig. 7. Orthogonal regression between 30 min data of λE + H and Rn - G in (a)
2014 (N = 17,519) and (b) 2015 (N = 14,969). The regression results including
the best fit equation and the coefficient of determination (R2) are also shown. N
is the number of samples included in the regression.
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only took into consideration daytime data for these calculations, as
carried out by Stoy et al. (2013) and McGloin et al. (2018) in previous
studies.

4. Discussion

The predominant cause for the occurrence of negative rainfall
anomalies which have been observed over the Brazilian semiarid region
during the 2012–2016 period is the positive anomalies of sea surface
temperature in the Tropical North Atlantic Ocean, favoring the north-
ward anomalous migration of the ITCZ (Intertropical Convergence
Zone) and considerably reducing the occurrence of rainfall in the re-
gion, especially in 2015 with the El Niño phenomena, as described in
detail by Marengo et al. (2017a, b). Consistently, the analyzed air
temperature dataset was higher if compared to climatological values,

because the lack of rainfall modifies the surface radiation balance, in-
creasing sensible heat flux and decreasing latent heat flux. Conse-
quently, air relative humidity declined as indicated by the higher VPD
(Fig. 2) and Rg reached high values, indicating less cloud cover (and
consequently rainfall) for both 2014 and 2015 years (Table 1). The
occurrence of minimum and maximum rainfall values during July and
January (Fig. 2) is in accordance with the seasonal pattern, as result of
the more prominent occurrence of convective clouds (and consequently
rainfall) in the summer months as previously analyzed (Medeiros et al.,
2017), while in July, cloud cover is typically stratiform, which increases
top-of-atmosphere albedo and consequently decreases total Rg.

The seasonal variations in VPD are high if compared to that ob-
served in transition forests (Vourlitis et al., 2008) or humid tropical
forests (da Rocha et al., 2004), but similar to Brazilian tropical savanna
(Rodrigues et al., 2014), evidencing the semi aridity of the region. The
Caatinga response to rainfall seasonal variability is characterized by a
marked reduction in NDVI values (Fig.3), corroborating with previous
studies in the Caatinga biome (e.g., Barbosa et al., 2006; Souza et al.,
2016; Silva et al., 2017), which emphasize the importance of rainfall
distribution to phenology, leaf expansion and productivity in the Caa-
tinga, as analyzed by Souza et al. (2016).

Concerning the daily cycle of wind velocity (Fig. 5), while the
daytime peak can be explained by the intensification of thermal tur-
bulence, the most probable hypothesis for the nighttime maximum is
the intermittent turbulence caused by wind shear, as observed, for ex-
ample, in the Amazon basin (Dias-Júnior et al., 2013; 2017). Further-
more, the seasonal variability of the nighttime maximum (Fig. 5a), can
apparently be associated with low-level jets observed during the driest
period (Dry-Wet and Dry seasons) along the Amazon and the Northeast
Brazil (Alcântara et al., 2011).

According to Fig. 6, the daily cycle of Rn, H , and E behaves si-
milarly to the daily cycle of solar radiation. This behavior is expected
and was also observed in other regions with different climate conditions
such as the Amazon (Zeri and Sá, 2010; Gerken et al., 2018). On the
other hand, it can be observed that the maximum daily G value during
wet and wet-dry transition seasons occurs during the afternoon. This
behavior is probably due to the occurrence of rainfall which in this
region is predominantly of the convective type and associated with the
ITCZ (Hastenrath, 2012), taking place mainly during the afternoon.
Thus, there was an increase in soil moisture and consequently in its
thermal conductivity. An increase in during the morning was also
observed in all seasons. The same behavior was observed by Gerken
et al. (2018) in a central Amazonian dry tropical forest, which was
attributed to energy stored in the canopy fluxes.

The importance of rainfall seasonal variability to energy parti-
tioning and energy balance closure in the Caatinga is evident. This
importance was reported in other semiarid regions around the world
(Chen et al., 2009; Majozi et al., 2017) and the results presented in
Table 2 highlight it. With the establishment of the wet season, the
Caatinga breaks its dormancy state, producing new leaves and thus
increasing its leaf area index. During this period the Caatinga reaches
the apex of its physiological and metabolic activities and the NDVI
value was greater than 0.60. Thus, during said season larger portions of
Rn are converted into E (˜40%). During the dry season, the Caatinga
vegetation, which consists primarily of deciduous and semi-deciduous
species, reaches its minimum level of physiological and metabolic ac-
tivities, which is barely sufficient for the maintenance of plants. This
can be corroborated by the NDVI values which were 0.31 (2014) and
0.29 (2015) in the dry season (Table 2). During this season there is also
a considerable reduction in the demand for E and consequently most
part of the Rn was converted into H (˜70%).

This seasonal variation observed in the partitioning of Rn between
E and H is highlighted by the seasonal variation of . We observed that

the driest year (2015) shows higher H values if compared to 2014,
while E fluxes were higher in 2014 (Table 2). As a consequence,
during 2014 β was lower than in 2015 which can be attributed to the

Fig. 8. Mean daily cycle of friction velocity during each studied year with
standard deviation vertical bars.

Fig. 9. The effect of u* on the EBR during daytime in a) 2014 and b) 2105.
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fact that 2014 was a wetter year with more rain days.
The magnitude of G was around 3% of the Rn, in accordance with

previous analysis over preserved areas of Caatinga (Teixeira et al.,
2008; Silva et al., 2017; Pires et al., 2017). The highest G values oc-
curred during the dry and dry-wet transition seasons (˜4% of Rn),
periods in which the Caatinga has a low leaf density and the soil is more
exposed to radiation. On the other hand, the two soil heat flux plates
used were probably not enough to realistically represent soil cover,
retrieving lower G values than expected. In order to improve these re-
sults, additional soil heat fluxes should be installed in multiple loca-
tions, as discussed by Suaer and Horton 2005 Suaer and Horton (2005).

Once again the limiting role and the importance of rainfall for the
energy balance in the Caatinga is evidenced by the high seasonal
variability of the energy balance residual between dry and wet seasons.
The mean value of 24% of the Rn is within the range of variation
commonly reported in the literature for different types of surface
(Beyrich et al., 2002; Mauder et al., 2006; Franssen et al., 2010).

The degree of energy balance closure is widely used in the evalua-
tion of the performance of EC and the quality of EC-retrieved data
(Wilson et al., 2002; Baldocchi et al., 2000; Li et al., 2005). The sea-
sonal variations of the EBR and the orthogonal regression slope are
consistent, because in the wet season both arboreal vegetation and
herbaceous vegetation reach a higher leaf area index and, therefore,
provide greater homogeneity of soil cover, covering the usually bare
soil and contributing to the better performance of eddy covariance.
During said season the highest slope and EBR values were observed.

Regarding the regression between +E H and Rn G (Fig. 7), the

energy balance closure was of 89% in 2014 and 95% in 2015 (Fig. 7).
The studied years showed slopes and intercepts comparable to those
previously reported in tropical and temperate climate forests (Vourlitis
et al., 2008; Giambelluca et al., 2009; del Castillo et al., 2018; Gerken
et al., 2018), including the study by Wilson et al. (2002), which ana-
lyzed 22 datasets from different sites (agricultural and native biomes) of
the FLUXNET network. The EBR values of 0.75 (2014) and 0.76 (2015)
are also in accordance with values reported in the literature. Specifi-
cally, in semiarid savanna regions in South Africa (Majozi et al., 2017)
and Central Amazon (Michiles and Gielow, 2008) the slopes found were
around 0.90, while in forested area they were as high as 0.98 (Zeri and
Sá, 2010). The larger slope values found in these three studies can be
explained due to the incorporation of the energy storage term, which
we neglected in the present study. On the other hand, if compared to
previous studies in Caatinga sites (Silva et al., 2017; Pires et al., 2017),
the slopes found in the present study were larger and it is worth
mentioning that our data collection site is covered by preserved Caa-
tinga.

The intercept values found in this study were all strongly negative
and lower than -17 W m−2 (Table 3). However, there is not a well-
defined pattern for the intercept found in other studies, given that this
value varies between -23 and 27 W m−2 (Wilson et al., 2002; Michiles
and Gielow, 2008; Hirando et al., 2010; Kidston et al., 2010; Majozi
et al., 2017), showing relative consistency between data presented in
this study and in previous studies. One possible explanation for the
strong negative intercept values found in the present study is the ne-
glected energy stored in the canopy, photosynthesis energy, soil heat

Table 4
Mean energy balance ratio (EBR) values in relation to friction velocity (u*) in each season and in all seasons of the
years 2014 and 2015. with the respective standard deviation and data amount (in parenthesis).

EBR values higher than 0.80 are highlighted in gray.
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storage, among other energy balance components. Some studies have
shown that incorporating these terms leads to an increase in slope va-
lues and an approximation of the intercept to zero (which is the ideal
value) (Zeri and Sá, 2010; Eshonkulov et al., 2019; Kutikoff et al.,
2019). Another hypothesis is due to the low Rn portion converted into
G in the Caatinga during all seasons (below 3%, Table 2). It can be
explained because of the low daytime duration variability which, re-
gardless of the time of the year is around 12 h. In other words, daytime
and nighttime periods have approximately the same duration during all
the year. Another factor that might contribute to the improvement of
the energy balance closure is the determination of heat stored in the soil
above the flux plate, which wasn’t calculated in the present study.
Furthermore, Wilson et al. (2002) reported that soil heat flux is less
impactful on the energy balance closure in forested areas than in areas
with a less developed and lower canopy such as grasslands, agriculture
areas and chaparral.

The seasonal values of the EBR in the Caatinga found in this study
are within the range of variation for this parameter in other studies
(Wilson et al., 2002; Michiles and Gielow, 2008; Li et al., 2005; Majozi
et al., 2017; Stoy et al., 2013; Hirano et al., 2017). In addition, one can
note that higher EBR values are identified during the wet season in the
region, corroborating with the study by Michiles and Gielow (2008).
These results are consistent, because in the wet season both arboreal
vegetation and herbaceous vegetation reach a higher leaf area index
and, therefore, provide greater homogeneity of soil cover. This greater
soil homogeneity, composed by a combination of robust arboreal ve-
getation and herbaceous species covering the usually bare soil, con-
tribute to the better performance of eddy covariance. It should be

emphasized that a possible cause for the better closure during the wet
season is the development of herbaceous vegetation in the region
(Souza et al., 2012; Freitas et al., 2010; Althoff et al., 2016), which
thrived only during the wet season. This result suggests a strong asso-
ciation between the seasonality of leaf coverage in the Caatinga and the
EBR. Besides vegetation characteristics, atmospheric conditions also
play a decisive role in the variations of H and E values between the dry
and wet seasons. During the dry season, H fluxes are higher, favoring
the deepening of the atmospheric boundary layer (ABL) and, as con-
sequence, intensifying local convection mechanisms (typically asso-
ciated with mesoscale circulation). Contrarily, in the wet season, non-
local mechanisms suppress local convection and decrease the
development of the ABL, thus reducing H fluxes and partly explaining
the increase in E during this period. However, it should be noted that
during the dry season non-turbulent heat fluxes also take place and are
not measured by EC, which also contributes to lower E values, as
previously discussed by Gao et al. (2017) and Gerken et al. (2018).

Majozi et al. (2017) reported that in the semiarid savanna of the
Kruger National Park, South Africa, moderate closure (higher im-
balance) occurred during the dry season (EBR = 0.70), with the same
pattern being observed in Central Amazon (Michiles and Gielow, 2008).
On the other hand, the worst balance closure observed in the present
study was in the wet-dry transition season, with an EBR of 0.70 in 2014
and 0.73 in 2015 (Table 3). Thus, during the wet-dry transition season
the Caatinga shifts from a condition of maximum leaf cover (wet
season) to the opposite condition of little or no leaf cover (dry season).
During this period most arboreous species lose their leaves. In addition,
all herbaceous species gradually die. Consequently, during the wet-dry
transition season vegetation cover becomes extremely heterogeneous,
causing the EBR to reach its lowest values. On the other hand, during
the dry season, arboreous vegetation is mainly leafless and herbaceous
vegetation is reduced to leaf litter (Althoff et al., 2016), forming a
homogeneous and dry land cover. This allows us to infer that in the
Caatinga biome both vegetation and climate dynamics play a critical

Fig. 10. The effect of a) Rwq and b) RwT on the EBR during daytime. Vertical
bars indicate the standard deviation of fluxes.

Fig. 11. The effect of on the EBR during daytime in a) 2014 and b) 2015.
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role in the energy balance closure.
The association between turbulence intensity and energy balance

closure has been previously discussed in the literature (Massman and
Lee, 2002; Papale et al., 2006; Moffat et al., 2007), which reported
limitations during low turbulence periods, including systematic flux
underestimations. Thus, better closure is expected during periods of
high turbulence, according to previous studies (Barr et al., 2006; Liu
et al., 2010; Sánchez et al., 2010; Stoy et al., 2013). In this way, the best
fit for the energy balance was achieved with larger u* values (Fig. 9a
and Fig. 9b), corroborating with previous results obtained with data
from different biomes (Wilson et al., 2002; Sánchez et al., 2010; Stoy
et al., 2013; McGloin et al., 2018). In addition, negative EBR values
were observed during transition seasons and the dry season (Table 4),
indicating reverse fluxes during stable conditions, as observed in pre-
vious studies (e.g., Franssen et al., 2010; Stoy et al., 2013; McGloin
et al., 2018).

EBR values higher than 0.80 (or higher than 80%) are typically
observed in forests (Wilson et al., 2002; Foken, 2008; Stoy et al., 2013;
Charuchittipan et al., 2014; Imokova et al., 2016). However, Wilson
et al. (2002) found high variability in EBR values in FLUXNET sites,
with variations from 0.34 to 1.60 and about 40% of the sites with
EBR < 0.80. The mean EBR value determined in the present study is
0.75, which agrees with previously analyzed results.

The influence of increased vegetation cover in the Caatinga on the
energy balance closure can be noted by analyzing Table 4 along with
Fig. 3. During the wet season (NDVI greater than 0.70, Fig. 3), an
EBR > 0.80, typical of forests according to the literature (Wilson et al.,
2002; Foken, 2008; Stoy et al., 2013; Charuchittipan et al., 2014;
Imokova et al., 2016) was obtained in about 60% of the data (half-
hourly averages), while during the dry season (NDVI lower than 0.30,
Fig. 3) said threshold was observed in about 40% of the analyzed data.
We would also like to point out that, during the wet season, EBR >
0.80 was achieved when >u m s0.30*

1 while in the dry season
>u 0.60* was needed in order to achieve this degree of closure.
Our results indicate a strong relationship between energy balance

components, NDVI and precipitation (Souza et al., 2016; Silva et al.,
2017; Pires et al., 2017; Silva et al., 2017). During the culmination of
plants physiological and metabolic activities, larger portions of E were
required, since the exchange of water vapor and CO2 are intense, be-
cause deciduous plants usually have high stomatal conductance and
consequently high photosynthesis and transpiration rates in favorable
water availability conditions (Lambers et al., 2008). The direct effect of
these factors is the reduction of E, and Rn being mostly converted into
H . This behavior is different when compared to what occurs in riparian
forests and forests in the Amazon basin, where the decrease of E va-
lues are not as pronounced because of the dense canopy which limits
evaporation and the fact that those trees have deep roots, accessing
deeper water reserves.

As previously discussed, the better energy balance closure in 2015 if
compared to 2014 is evident. The most likely explanation for the better
closure in 2015 is based on aspects of atmospheric turbulence which
was more intense this year, as shown by the daily variation of wind

velocity (Fig. 4 and Fig. 5) and friction velocity u( )* (Fig. 8) which were
more intense in 2015 than in 2014.

The seasonality of wind speed and direction in the Northeast Brazil
is modulated mainly by large scale processes associated with the South
Atlantic Subtropical High variability (Gilliland and Klein, 2018a). The
interannual wind speed variability (Fig.4) is strongly influenced by
ENSO phases, thus during El-Niño years (e.g., 2015) the wind speed is
higher in comparison to La Niña (2014) or neutral years, as reported in
previous studies (Ropelewski and Halpert, 1987; Santos and Santos e
Silva, 2013; Gilliland and Klein, 2018b).

The effect of turbulence on the energy balance closure is evidenced
by the direct relationship between the EBR and u* (Fig. 9a, Fig. 9b) in
which the EBR increases with the increase in u* intensity. This re-
lationship has been previously discussed in the literature (McGloin
et al., 2018). Regarding the Rwq and RwT .coefficients it is also evident
that during 2015 they assumed higher values than in 2014. This implies
that during 2014 there were larger phase differences between vertical
wind velocity signals and water vapor and between vertical wind ve-
locity signals and temperature, which are caused by large eddies (linked
to entrainment and advection) (Gao et al., 2017; McGloin et al., 2018)
that incurred in larger energy balance residuals in this year in com-
parison to 2015 during all seasons (Table 2). Fig. 10a and Fig. 10b show
that the EBR increases as said coefficients also increase, especially RwT .
The better energy balance closure in 2015 is probably due to the more
intense turbulence (more intense u*) in 2015 combined with larger
energy balance residuals observed in 2014.

The modest energy balance closure (EBR < 0.69) under very un-
stable and slightly unstable conditions during wet-dry transition and
dry season in 2014 is probably associated with the differences between
vertical wind velocity signals and water vapor and vertical wind velo-
city signals and temperature, as previously suggested. During said
seasons the energy balance residual corresponded to more than 25% of
the Rn, which were the highest values found in all the studied period.
Negative EBR values were observed during transition seasons and the
dry season and indicate that fluxes were reversed during stable condi-
tions during said periods, similar to what has been reported in previous
studies (Franssen et al., 2010; Stoy et al., 2013; McGloin et al., 2018).

5. Summary and conclusions

Energy balance closure and partitioning were analyzed during the
years of 2014 and 2015, over a preserved fragment of the Caatinga
Biome, which is a seasonally dry tropical forest in the Brazilian semiarid
region. Overall, results showed that the energy balance closure in this
biome was satisfactory (predominantly above 70%). The energy bal-
ance partitioning has strong seasonality, varying according to the an-
nual distribution of rainfall. On the other hand, large scale mechanisms
(ENSO phases) modulate the wind in the study area, influencing the
intensity of atmospheric turbulence in such a way that during the strong
El Niño year (2015) the energy balance closure was better.

The largest portion of net radiation was converted into sensible heat
flux, except during the wet season, when latent heat flux assumed the

Table 5
Mean energy balance ratio (EBR) values in relation to the four classes of the stability parameter ( ) in each season and in all seasons of the years 2014 and 2015 with
the respective standard deviation and data amount (in parenthesis).

Dry-Wet Wet Wet-Dry Dry All

< 0.5 2014 0.80 ± 0.22 (195) 0.80 ± 0.31 (826) 0.45 ± 0.45 (82) 0.65 ± 0.40 (116) 0.76 ± 0.33 (1219)
2015 0.80 ± 0.20 (104) 0.86 ± 0.22 (165) 0.73 ± 0.29 (78) 0.84 ± 0.20 (226) 0.83 ± 0.22 (573)

−0.5≤ < -0.1 2014 0.82 ± 0.16 (1092) 0.81 ± 0.21 (1079) 0.69 ± 0.32 (536) 0.79 ± 0.24 (872) 0.79 ± 0.23 (3579)
2015 0.86 ± 0.15 (662) 0.92 ± 0.25 (642) 0.83 ± 0.20 (493) 0.83 ± 0.15 (1270) 0.86 ± 0.19 (3064)

−0.1 < < 0.1 2014 0.68 ± 0.38 (865) 0.75 ± 0.40 (685) 0.66 ± 0.83 (776) 0.66 ± 0.54 (1188) 0.68 ± 0.56 (3514)
2015 0.73 ± 0.33 (675) 0.81 ± 0.43 (542) 0.74 ± 1.50 (879) 0.63 ± 0.59 (1306) 0.71 ± 0.85 (3402)

≥ 0.1 2014 −0.10 ± 1.07 (56) 0.41 ± 0.50 (275) −0.04 ± 1.11 (69) −0.15 ± 0.84 (31) 0.23 ± 0.78 (431)
2015 −0.13 ± 0.24 (37) 0.15 ± 0.42 (102) −0.32 ± 0.66 (81) −0.43 ± 0.38 (64) −0.15 ± 0.53 (284)

S. Campos, et al. Agricultural and Forest Meteorology 271 (2019) 398–412

409



largest portions. These results show the dynamics of the Caatinga Biome
is closely related to rainfall seasonality, since physiological and meta-
bolic characteristics are modulated mainly by water available in the
ecosystem.

By analyzing the energy balance closure through the orthogonal
regression method an annual slope of 0.89 was found in 2014 and of
0.95 was found in 2015. The mean EBR value observed during the
studied years was of 0.75. Intercept values were all negative and lower
than -17.8 W m−2. The probable causes for strong negative intercept
values are associated with the neglecting of the air, canopy and soil
heat storage terms. A better energy balance closure was observed in
2015 influenced by the more intense turbulence evidenced by higher
wind and friction velocities that year. The higher wind velocity was due
to 2015 being a very strong El Niño year which causes an increase in
wind intensity in the tropical region. The relationship between the EBR
and friction velocity was analyzed which showed that the energy bal-
ance closure is better with increasing friction velocity. Besides turbu-
lence, the better closure in 2015 in comparison to 2014 might also be
associated with the occurrence of more large eddies in 2014, which was
evidenced by the Rwq and RwT coefficients. In 2014 both coefficients
were lower than those observed in 2015 which may have resulted in
larger residuals that year.

Energy balance closure was also analyzed considering atmosphere
instability conditions, and the best closure occurred under very un-
stable conditions <( 0.50). Under stable conditions ( 0.10) the clo-
sure was modest, although the amount of information analyzed under
this condition was reduced. Also under stable conditions, negative EBR
values were observed during transition and dry seasons, which are as-
sociated with the inversion of turbulent fluxes.

It was also observed that rainfall seasonality plays a crucial role in
the energy partitioning and in the energy balance closure in the
Caatinga Biome. We found that the energy balance closure presented
better results during the wet season and worse results during the wet-
dry transition season. During the wet season we observed that the en-
ergy balance closure is achieved during low turbulence periods. EBR
values exceeding 0.80, a value commonly found in forests, were re-
trieved during the wet season when friction velocity values were larger
than 0.30 m s−1. In the dry season this threshold was achieved only
when the friction velocity was equal to or greater than 0.60 m s−1.

It is important to highlight that the two studied years were of ex-
treme drought and, consequently, with shorter than usual wet seasons
(Marengo et al., 2017a, b). Therefore, it is expected that during years of
heavy rains, the wet season should last longer and the energy balance
closure should be more efficient.
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