
1 of 12Ecohydrology, 2025; 18:e70012
https://doi.org/10.1002/eco.70012

Ecohydrology

RESEARCH ARTICLE OPEN ACCESS

Enhancing Representativeness of Eddy Covariance 
Evapotranspiration With Remote Sensing and In Situ Data: 
A Case Study in the Brazilian Cerrado
Alex N. A. Kobayashi1,2   |  Jamil A. A. Anache1   |  Jullian S. Sone3   |  Gabriela C. Gesualdo4   |  ​ 
Dimaghi Schwamback1,5   |  Edson Wendland1

1Department of Hydraulics and Sanitation, São Carlos School of Engineering at the University of São Paulo, São Paulo, Brazil  |  2The Centre for 
Hydrogeology and Geothermics (CHYN), University of Neuchâtel, Neuchâtel, Switzerland  |  3Department of Economics, University of Waterloo, Waterloo, 
Ontario, Canada  |  4Department of Geosciences, Pennsylvania State University, University Park, Pennsylvania, USA  |  5Division of Water Resources 
Engineering, Lund University, Skåne, Sweden

Correspondence: Jamil A. A. Anache (jamil.anache@usp.br)

Received: 19 June 2024  |  Revised: 16 January 2025  |  Accepted: 21 February 2025

Funding: This study was financially supported by the Coordination for the Improvement of Higher Education Personnel (CAPES, Finance Code 001), 
the Brazilian National Council for Scientific and Technological Development (CNPq) and the São Paulo Research Foundation (FAPESP, grant numbers 
2015/03806-1, 2019/24292-7 and 2021/14016-2).

Keywords: eddy covariance technique | enhanced vegetation index (EVI) | flux footprint | water and energy fluxes

ABSTRACT
The Cerrado sensu stricto, so-called wooded Cerrado, is one of the many phytophysiognomies of the undisturbed Brazilian 
Cerrado ecoregion holding a biodiversity hotspot towards an extensive area. Thus, such land is under constant land use and 
cover changes mainly due to the demand for agriculture land, sector with the highest consumption of available freshwater in 
this ecoregion. This underscores this region's critical economic and environmental relevance. The evapotranspiration (ET) in 
the Brazilian Cerrado is a major player in the regional hydrological cycle, significantly influencing rainfall distribution in this 
ecoregion. Nonetheless, acquiring observed measurements of ET measurements using the eddy covariance (EC) technique is still 
challenging, especially where the flux footprint represents a heterogeneous canopy. Thus, how vegetation and spatiotemporal 
climate variability affect EC evapotranspiration were assessed in a preserved fragment of wooded Cerrado. Our goals were to (i) 
improve the water fluxes representativeness by coupling flux footprint with remote sensing products to account for spatiotem-
poral variability and (ii) assess how seasonal variability of vegetation and climate affect water fluxes in this study's target vege-
tation. First, we determined which integration approach with enhanced vegetation index (EVI) improved the representativeness 
of the study's site target vegetation—either a half-hourly flux footprint integration or a fixed-extent radius surrounding the flux 
tower. We further conducted a random forest analysis to identify the most relevant environmental and meteorological variables 
influencing the canopy conductance. We noted a significant gain in performance when EVI is integrated with the half-hourly 
footprint, indicating an improvement in the representativeness between this remote sensing variable and the EC fluxes, evi-
denced by a better energy balance closure. And we found that the most relevant variables were the vapor pressure deficit and soil 
water content at a seasonal and annual basis, respectively. Our findings highlight that integrating a vegetation index with flux 
footprint can enhance spatiotemporal representativeness of the target vegetation, contributing to a better regional understanding 
of not only the wooded Cerrado but also other complex and heterogeneous land covers in terms of water and energy fluxes.
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1   |   Introduction

Evapotranspiration (ET) is a key component of the hydrological 
cycle, and an in-depth understanding of its processes is critical 
to sustainably managing water resources, especially in the agri-
culture sector (Sun et al. 2019; Baldocchi 2020). Nonetheless, the 
ET quantification is still a challenge given the difficulty of in-
tegrating micro-scale processes—for example, water transport 
through soil pores and plant xylem—into a framework that can 
describe regional patterns (Katul and Novick 2009). Commonly, 
global ET is estimated using mass conservation approaches 
lacking site-specific monitoring and modeling (Wang and 
Dickinson 2012). Eddy covariance (EC) flux towers are poten-
tial instruments to obtain in situ and stand-scale measurements 
and energy partitioning with negligible interference (Baldocchi 
and Ryu 2011). The EC method is a direct method and has the 
advantage of integrating spatial heterogeneity through the flux 
footprint, that is, the area that contributes to the flux at each 
time-step (Schmid  2002). Direct measurements using EC are 
complex tasks due to the need for specialized and expensive 
equipment, along with special care in sampling. This complexity 
hinders the availability of long time series and its populariza-
tion. To overcome this challenge the FLUXNET was created as 
a ‘global network of regional networks’, composed of nearly two 
decades of meteorological observations (Baldocchi et  al. 2001; 
Pastorello et  al. 2020). These data are extremely important to 
understand ecosystem functioning, trends in climate, green-
house gases and air pollution. However, data acquisition and 
processing to uncover spatial and temporal variations of global 
ecosystem function need to be an ongoing effort, especially in a 
variety of ecosystems. For instance, dryland ecosystems in the 
Western United States and Australia share similar climate char-
acteristics but have very distinct ecosystem responses to climate 
variability. Nevertheless, evapotranspiration is processed with 
uniform vegetation assumption, causing biases in both regions 
(Huang et al. 2021).

Ground-based studies have decreased over the last years despite 
their importance for a fundamental understanding of ecosystem 
functioning in different regions of the globe. To mention, Burt and 
McDonnell (2015) reported a decline in field observations of runoff 
all over the world. The understanding of nuances in hydrological 
processes becomes more challenging, where empirical studies 
are scarce (i.e., Southern hemisphere). Then, have we observed 
enough through empirical studies to enable the use and improve 
the reliability of models? The answer would be definitely no for 
South America. Melo et al. (2020) found that Brazil has a very low 
number of in situ hydrological monitoring of ET, a scenario where 
time series from 32 monitoring basins are 12-year long, on aver-
age. This finding is particularly concerning when considering ET 
a major component of the water budget. At the same time, Melo 
et al. (2021) evaluated remote sensing evapotranspiration models 
across South America and highlighted the challenge of validating 
their results due to scale incompatibility and the great site-specific 
heterogeneity. In addition, the authors emphasize the paramount 
importance of expanding the flux tower network in the continent. 
Indeed, there is a need to promote long-term field-based studies to 
understand their places' idiosyncrasies, as well as to support prac-
titioners with tools and approaches using process-based knowl-
edge of hydrological applications in data-sparse regions (Blöschl 
et al. 2013).

The flux footprint modeling is a technique used to overcome the 
main source of bias and uncertainties in EC measures, which is 
the assumption of flux homogeneity (Chu et al. 2021). It is based 
on the transfer function between the measured value and the set of 
forcing on the surface-atmosphere interface, taking into account 
that at a heterogeneous surface the measured value will depend 
on which part of the surface the sensor has the most substantial 
influence (Schmid  2002). In the flux footprint modeling, Earth 
system models (ESMs) are commonly used although the main 
challenge to their application is to deal with the spatiotemporal 
mismatch between footprint spatial scale and that of most ESMs 
(Xu et al. 2020). Even though recent progress has been made in 
this regard (Brombacher et al. 2022; Chu et al. 2021), there is still 
the need to investigate the relationship between land surface char-
acteristics and evapotranspiration at a finer spatial and temporal 
resolution, along with the assessment of the representativeness 
of the target ecosystem. Furthermore, to pursue an assessment of 
spatiotemporal variability of evapotranspiration at a broader scale, 
variables measured using flux towers should be integrated with 
high-resolution satellite data (Baldocchi 2020). Interpreting these 
results across representative flux footprints must be ensured.

Considering these gaps, this study aims to assess how vegetation 
heterogeneity and seasonal variability affect observed evapotrans-
piration in the Cerrado sensu stricto. We focus on the challenges 
regarding the direct use of half-hourly footprint since aggregate 
footprints from many time steeps smooth the variable and extreme 
footprint (Chu et al. 2021) and the matching spatial and temporal 
scales between flux and remote-sensing data. This paper explores 
a coupling technique to integrate remote sensing products into 
EC flux footprint and hence improve the representativeness of EC 
fluxes by accounting for spatiotemporal variability in the target 
vegetation. We also assess how seasonality and climate variability 
help explain source heterogeneity in the Cerrado sensu stricto.

2   |   Material and Methods

This study was developed following four steps depicted in Figure 1. 
Observed micrometeorological data were preprocessed and in-
tegrated with Landsat images to investigate how heterogeneity 
and seasonal variation of the studied vegetation influence evapo-
transpiration. We also compared the performance of a footprint-
weighted Enhanced Vegetation Index (EVIfootprint) with another 
common approach that assumes a fixed radius around the meteo-
rological tower (EVIradius). Lastly, to identify and rank the most im-
portant variables influencing evapotranspiration, we carried out 
a random forest analysis using biophysical variables representing 
atmospheric and phenological conditions. In the next subsections, 
we provide further details of the experimental setup and method-
ological steps taken in this study.

2.1   |   Site Description and Vegetation 
Characteristics

This study site was conducted in a undisturbed fragment 
of Cerrado sensu stricto with 3.3 km2 at the Arruda Botelho 
Institute (IAB) in Itirapina, a municipality of the state of 
São Paulo, Brazil (Figure  2a). The climate is classified as 
humid subtropical (Cwa) according to the Köppen-Geiger 
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classification system (Peel et  al. 2007), characterized by hot 
and wet period, which mostly comprises spring and summer 
(October to March); and dry period, which mostly includes 
autumn and winter (April to September). The four seasons 
are defined as follows: summer spans from December 22 to 
March 20, autumn from March 20 to June 21, winter from 
June 21 to September 22/23, and spring from September 22/23 
to December 22. The mean annual observed precipitation be-
tween 1979 and 2014 was 1486 mm, with a mean temperature 
of 21.6°C and relative humidity of 71% (Cabrera et  al. 2016) 
(Figure 2b).

Cerrado sensu stricto, also known and referred hereafter as 
wooded Cerrado, is one of the several physiognomies within 
the Cerrado Ecoregion, Brazil's second-largest ecoregion en-
compassing 2,033,601 km2. This physiognomy consists of a mo-
saic of more than 4000 small, tortuous, 6–7 m high tree species 
(Alberton et  al. 2014). Most of these tree species have a thick 
cork on their trunks, stiff leathery leaves, and xeromorphic char-
acteristic (Ribeiro and Walter 2008). Wooded Cerrado vegetation 
supports a high density of shrub and tree species, including com-
mon species such as Bauhinia rufa, Xylopia Aromatica, Miconia 
Rubiginosa, Virola sebifera and Myrcia guianensis (Reys et  al. 
2013). About 190 species are included in the study site flora, and 
107 (56.3%) are dispersed by animals (Camargo et al. 2013). The 
vegetation presents a seasonal behavior (Alberton et al. 2014), 
with its canopy greenness varying according to the rainfall oc-
currence and other climatic variables and presenting a higher 

dispersion in comparison to lower canopies found in Cerrado 
ecoregion (Alberton et  al. 2017). Since the mid-20th century, 
the Cerrado ecoregion has undergone agricultural expansion 
(mainly cattle pastures and cash crops) leading to a loss of al-
most 50% of its native forest vegetation (Strassburg et al. 2017), 
including the wooded Cerrado. Consequently, this ecoregion is 
one of the 25 global biodiversity hotspots (Myers et al. 2000).

2.2   |   Experimental Setup and Data Processing

A meteorological tower (lat: −22.1710, long: −47.8710) was in-
stalled in a well-preserved remaining area of wooded Cerrado 
(Figures  1 and 2) and is listed in the Ameriflux network 
under the ID BR-IAB (https://​ameri​flux.​lbl.​gov/​sites/​​sitei​
nfo/​BR-​IAB). Micrometeorological variables and air fluxes 
were monitored using low and high-frequency instrumen-
tation (Table  1) installed at a 16-m height in a monitoring 
tower. Two soil heat flux plates (HFP-01) were also installed 
near the monitoring tower, as depicted in Figure  1. We cor-
rected the observed evapotranspiration—that is, latent heat 
flux—carrying out the following steps: (i) adjustment of the 
anemometer's orientation using planar fit regression (Wilczak 
et  al. 2001); (ii) temperature correction using Schotanus, 
Nieuwstadt e De Bruin (SND) (Schotanus et al. 1983) and add-
ing Webb-Pearnman-Leuning (WPL) terms (Webb et al. 1980); 
(iii) correction of low- and high-frequency spectrum using 
Moncrieff et  al.  (1997) and Massman  (2000), respectively; 

FIGURE 1    |    Study design for this study: (1) in situ data collection with an array of sensors and remote sensing data, (2) data processing for the 
enhanced vegetation index (EVI) and canopy conductance, (3) performance analysis with correlation and (4) seasonal random forest analysis using 
the feature importance classification explaining canopy conductance (gc) based on friction velocity (u∗), net solar radiation (Rn), vapor pressure deficit 
(VPD) and the footprint-weighted EVI (EVIfootprint).

 19360592, 2025, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.70012 by U

niversity O
f Sao Paulo - B

razil, W
iley O

nline L
ibrary on [24/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://ameriflux.lbl.gov/sites/siteinfo/BR-IAB
https://ameriflux.lbl.gov/sites/siteinfo/BR-IAB


4 of 12 Ecohydrology, 2025

(iv) data quality control using tests steady state (Foken and 
Wichura 1996; Vickers and Mahrt 1997) and turbulent condi-
tions (Kaimal and Finnigan 1994; Foken and Wichura 1996; 
Aubinet et al. 2012).

A footprint-based filter was employed on each time interval 
of our time series to improve data quality further and ensure 
representativeness by identifying and excluding data from 

non-target areas. To ensure fluxes are from the target area 
(i.e., wooded Cerrado), footprint was firstly calculated using 
a two-dimensional model (Kljun et al. 2015) at a 30-min time 
interval and then normalized as in Equation (1). We also de-
fined a pixel threshold to limit the area to be analyzed. To 
do so, reprojection was required to bring the footprint data 
to a 30-m spatial resolution since each pixel contribution is 
highly influenced by its resolution. This specific resolution 

FIGURE 2    |    (a) Study site regional context in South America, (b) mean monthly rainfall (bars) and temperature (line), (c) non-filtered flux foot-
print and (d) filtered flux footprint for different seasons.

TABLE 1    |    Sensors characteristics for the variables monitored in the study site.

Variable Sensor Height Measurement range Maximum error

Temperature [◦C] HMP155A 16 −80◦C to 60◦C ±0.45◦C

Relative humidity [%] HMP155A 16 0%–100% ±1.7%

Rainfall [mm] Hydrological Services TB4 16 0–700 mm h−1 ±3%

Atmospheric pressure [mbar] Vaisala CS106 16 500–1100 mbar ±1.5 mbar

Wind speed [m s−1] Irgasson sonic anemometer 16 0–30 m s−1 ±1.8 m s−1

Wind direction [°] Irgasson sonic anemometer 16 0–360° ±0.7°

H2O molar fraction [mmol mol−1] Irgasson gas analyzer 16 0–72 mmol mol−1 2%

Soil water content [%] FDR EnvironSCAN Sentek −0.5a 0%–65% ±3%

Net solar radiation [W m−2] Kipp & Zonen CNR4 10 ±2000 W m−2 ±20 W m−2

Soil heat flux [W m−2] Hukseflux HFP01 −0.1a ±2000 W m−2 −15 to 5%
aNegative values correspond to depths below the ground level.
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was adopted to meet that of remote sensing products used in 
this study, detailed in the Section  2.3. Then, an acceptance 
rate was computed by integrating the footprint and the land 
cover (LC) (Equation 2), so that the observed data is filtered 
based on an acceptance threshold of 80% of the cumulative 
contribution of the target LC. 

Checking for surface energy balance is a common practice 
for quality control in studies using EC flux measurements, 
which are often unable to close a balance equation over forests 
(Wilson et al. 2002). This is mainly due to larger available en-
ergy at the surface, net radiation (Rn) minus soil surface heat 
flux (G0), than the turbulent fluxes, sensible and latent heat 
fluxes (H + LE) (Foken and Oncley  1995). One of the main 
reasons behind this lack of experimental balance closure is 
related to uncertainties in post-field data processing (Malhi 
et  al. 2004; Massman and Lee  2002). Although it is not our 
objective to investigate the sources of these uncertainties, 
we demonstrate how using footprint-filtered data provides a 
slightly better surface energy balance closure compared with 
a balance using all data available.

The decoupling factor (Ω, Equation 3) was computed using fil-
tered data after the quality control check to better understand 
surface biophysical controls over actual evapotranspiration 
(AET). This dimensionless coefficient estimates the degree of 
atmosphere-vegetation interaction, ranging from 0 to 1 (Jarvis 
and Mcnaughton 1986). At the lower limit of Ω, the canopy is 
strongly coupled with the surrounding atmospheric conditions; 
otherwise, the canopy is considered decoupled from the free air 
stream. 

where Δ [kPa ◦C−1] is the slope for saturation vapor pressure 
curve, � [kPa◦C−1] is the psychrometric constant, ga [ms−1] 
is the aerodynamic conductance as in Gash et  al.  (1999) 
(Equation  4) and gc [ms−1] is the canopy conductance calcu-
lated using the inverted Penman-Monteith (Monteith  1981) 
(Equation 5). 

where u[ms−1] is the wind speed measured using the triaxial 
sonic anemometer, u∗ [ms−1] is the friction velocity, which rep-
resents the relationship of the vertical flux of horizontal mo-
mentum measured near the surface (Stull  1988; Gash et  al. 
1999), �a [kgm

−3] is the density of dry air, 

cp [MJkg
−1 ◦C−1], VPD[kPa] is the atmospheric vapor pressure 

deficit, Rn [Wm−2] is the net radiation and G[Wm−2] is the soil 
heat flux.

2.3   |   Improving Representativeness of EC Fluxes

To better understand the effects of the spatial heterogeneity 
of vegetation on water flux response, enhanced vegetation in-
dices (EVIs) were derived from the 30-m Landsat images with 
a 16-day revisit cycle. The seasonal variation of EVIradius and 
EVIfootprint can be observed in Figure 3.

We adopted EVI for its sensitivity in high biomass regions, 
while reducing the atmospheric influences Huete et al. (2002). 
In this study, we linearly interpolated the Landsat series 7 
ETM+ and 8 with atmospheric corrections for surface reflec-
tance (USGS level 2, collection 2 and tier 1) to improve tem-
poral resolution. We adopted two approaches to compare the 
seasonal performance in the correlation between vegetation 
index and canopy conductance (gc, Equation 5), which physi-
cally represents the fluxes transportation from the canopy to 
the atmosphere (Peng et al. 2019). One approach relies on as-
suming a fixed 2-km radius around the study site (EVIradius) 
while the other integrates EVI with the footprint for each 
30-min time interval (EVIfootprint, Equation  6). To avoid in-
troducing more uncertainty by gap-filling the data, we com-
pared both products on a 30-min time scale. Both approaches 
indicate that the footprint is asymmetrically distributed 
around the monitoring tower due to prevailing wind direction 
(Figure 2c), especially in the winter. 

Thus, we performed an hourly Pearson's correlation analysis for 
each season, comparing both EVIradius (median) and EVIfootprint 
(weighted) with gc. This approach allowed us to assess whether 
the phenology of vegetation is better represented using filtered 
flux data within this methodology.

To rank relevant variables influencing the estimated fluxes, 
hydro-meteorological and phenological variables were used in 
regressor trees of the Random Forest (RF) algorithm (Denisko 
and Hoffman 2018). The canopy conductance (gc) was adopted as 
the response variable (target) since it represents the water fluxes 
from roots to the canopy surface (Peng et al. 2019). Explanatory 
variables used in the RF were the net solar radiation (Rn), fric-
tion velocity (u∗), atmospheric vapor pressure deficit (VPD), soil 
water content (SWC), and the EVIfootprint (Equation 6). We con-
sidered footprint-filtered and non-filtered data to test how the 
flux homogeneity assumption affects the importance feature in 
the RF regression.

The permutation feature importance is computed as the de-
crease in the model score when a single variable value is ran-
domly shuffled (Breiman  2001; Pedregosa et  al. 2011). The 
technique has the advantage of indicating the decency of 
the model on the variables, despite the relationship between 
the variables and the target, making it possible for different 

(1)fnorm(x, y) =
f(x, y)

∬
area

f(x, y)dxdy

(2)faccept = ∬area

LC(x, y)⊙ fnorm(x, y)dxdy

(3)Ω =
AET

PET
=

1 + Δ

�

1 + Δ

�
+

ga
gc

(4)ga =
u∗2

u

(5)gc =
��ETga

Δ(Rn − G) + �acpVPDga − �(Δ + �)ET

(6)EVIfootprint = ∬area

EVI(x, y)⊙ f(x, y)dxdy
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permutations of the same variable. Here, we analyzed the 
variable importance according to season and the footprint fil-
ter applied. The intent was to understand how each variable 
contributed and shifted in its importance throughout the year 
by comparing filtered and non-filtered data. We also applied a 
10-fold permutation to these variables to reduce high carnality 
bias. All analyses were carried out by using a Python script 
(Kobayashi 2022).

3   |   Results

We assessed the energy balance and noted a slight improvement 
in the energy closure when using the footprint filter (Figure 4). 
The slope changed from 0.68 when using all available data to 
0.72 when filtering the data with the footprint. Although we 
could not define the measurement error, we hypothesize that 
this improvement in the energy balance was due to a better rep-
resentation of the vicinity area's heterogeneity captured by the 
footprint filter.

Regarding filtered data, the canopy conductance (gc) and decou-
pling factor (Ω) presented different density shapes but similar 
behavior for each season (Figure 5). In general, we noted a more 
dispersed shape of gc around its mean value than that of Ω, espe-
cially during the winter and spring. This is due to a constant os-
cillation between sequential days with water and solar radiation 
surplus and deficit affecting gc while the atmosphere is coupled 
to the vegetation (average Ω of 0.14). Despite showing differences 
in their density curves, both variables records decreased from 
the summer to the spring corroborating that the most coupled 

period occurs during more water-limited seasons (i.e., winter 
and spring). On the other hand, the maximum mean Ω (0.31) 
was observed during the summer when vegetation in the target 
area is more decoupled from the atmospheric conditions: evapo-
transpiration is driven by radiation as VPD is primarily low due 
to frequent rainfalls (Figure 2).

FIGURE 3    |    Study site EVI seasonal maps around the meteorological tower (red dot) for (a) fixed radius and (b) filtered flux footprint areas, where 
green areas represent EVI values from accepted flux sources (valid contributions to the flux), while red areas correspond to rejected flux sources 
(excluded from flux analysis), where DJF means December, January and February (Summer); MAM means March, April and May (Autumn); JJA 
means June, July and August (Winter); and SON means September, October and November (Spring).

FIGURE 4    |    Energy balance for all data available (green) and data 
filtered by footprint (purple).
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3.1   |   Improved Representativeness of Eddy 
Covariance Fluxes Using Footprint-Weighted EVI

We evaluated the effects of using a footprint-weighted EVI 
(EVIfootprint) and a median value of EVI considering a fixed 2-km 
radius surrounding the monitoring tower (EVIradius). The me-
dian values of EVIradius range from 0.50 in the rainy season to 
0.25 at the end of the dry season (September) (Figure  6). The 
EVIfootprint and EVIradius are alike during the rainy season while 
diverging during the dry season (June to November). During 
drier months, the EVIfootprint reached the lowest value of nearly 
0.30. In terms of interquartile range, the difference between the 
two approaches may be due to the cumulative daily footprint 
fetch of 80% used to obtain the EVIfootprint, compared with the 
arbitrary area adopted in the EVIradius. When adopting an arbi-
trary radius surrounding the monitoring tower, we contemplate 
vegetation indices from surrounding land covers (e.g., pasture-
land in dark gray in Figure 2) other than indices from wooded 
Cerrado.

We evaluated the hourly gc across all seasons considering the 
radius and footprint-weighted approaches to compare their 
seasonal performance (Figure 7). The first aspect noted is how 
the transition periods between wet and dry seasons (Autumn 
and Spring) have high correlation values throughout the day. 
Also, there is a consistent increase in correlation when utiliz-
ing EVIfootprint against EVIradius, except during the summer. In 
the Winter, the correlation between EVI and gc reaches nearly 
100%. On the other hand, the correlation significantly varies 
along the day during the summer, with a correlation increase 

in the morning followed by a sharp decline after midday. Still, 
the maximum correlation for the summer months peaked at 0.4, 
indicating a moderate correlation.

3.2   |   Key Influencing Factors to Eddy 
Covariance Fluxes

We conducted a random forest analysis using footprint-filtered 
and non-filtered data to identify the most important variables 
to canopy conductance (gc). We used four hydro-meteorological 
variables and the EVIfootprint. When contrasting filtered and 
non-filtered data, we observed significant changes in the rela-
tive importance of the explaining variables (Table 2). The most 
evident changes were observed in the EVIfootprint and Rn. The 
importance of the EVIfootprint to predict gc was lower using the 
footprint-filtered data. On the other hand, the importance of Rn 
increased when using filtered data, showing higher importance 
throughout the seasons. This decrease in the importance of the 
EVIfootprint underscores the efficiency of the footprint filter. By 
using non-filtered data, the RF algorithm attributes the data 
variability to the phenological variable when splitting the nodes 
based on the EVIfootprint. We also highlight the relatively higher 
importance of the EVIfootprint during the autumn and spring, 
which indicates that the heterogeneity of the vegetation is still 
playing a role in predicting gc as those are transition seasons to 
dry-wet periods.

When focusing only on filtered data, the overall explanatory 
performance of each variable changed throughout the seasons 
(Table  2). In the summer, the most relevant variable related 
to gc is Rn (RF = 0.31) and VPD (RF = 0.29). In the autumn, Rn 
(RF = 0.26) continued as the leading variable while the rest of 
the variables shared almost the same relevance (around 0.20), 
except SWC (RF = 0.10). The VPD was the most important 
variable explaining gc during the winter (RF = 0.38) and spring 
(RF = 0.43). During the spring, Rn (RF = 0.20) was not among 
the two most relevant variables related to canopy conductance 
as EVIfootprint (RF = 0.27) was the second most important vari-
able. Lastly, the SWC (RF = 0.35) was highlighted as the most 
important variable related to gc when analyzing the overall per-
formance of the variables in all seasons.

4   |   Discussion

In most studies, the vegetation homogeneity assumption is vi-
olated compromising data quality and analysis even in some 
regional-scale studies (e.g., Heinsch et  al. 2006; Rodrigues 

FIGURE 5    |    Density function for all seasons for (a) canopy conductance (gc) and (b) decoupling factor (Ω) of the wooded Cerrado using filtered 
data.

FIGURE 6    |    Annual vairation in median EVIradius and EVIfootprint. 
The gray and purple shaded areas represent the range of the lower and 
upper quantile for the EVIradius and EVIfootprint, respectively.
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et al. 2014). In this study, we investigated how vegetation het-
erogeneity and seasonal variability affected evapotranspira-
tion and found that using a footprint-filtered EVI improved 
the spatial representativeness of the target area. When com-
paring the interquartile range of the footprint-weighted and 
fixed-extent EVI (EVIfootprint and EVIradius), the latter pre-
sented a wider range encompassing other vegetation than the 
wooded Cerrado while EVIfootprint is more correlated with the 
canopy conductance (gc). The bias stemmed from a footprint-
to-target-area mismatch is also a remaining gap we explore 
here by using half-hourly footprint to better understand the 
seasonal influence of vegetation on evapotranspiration. This 
is one of the six research opportunities identified by Chu 
et al. (2021) to address critical gaps in the representativeness 
of EC flux footprint. Our findings reveal the potential im-
provement of spatial representativeness by using an index in-
tegrating vegetation and footprint to deal with spatiotemporal 
heterogeneity.

Despite the enhancement in energy balance closure due to fil-
tering of the footprint flux data (Figure 4), the statistical regres-
sion of turbulent energy fluxes (sensible and latent heat) against 
available energy (net radiation, less soil heat flux) showed a 
lower slope value compared to the global FLUXNET average 
(Wilson et  al. 2002; Stoy et  al. 2013). However, the study site 
is a heterogeneous and patchy landscape, with contrasting 
land covers within the footprint, and the slope value agrees 
with other studies in similar conditions (deciduous broadleaf 
forests, mixed forests and wetlands, ranging between 0.70 and 
0.78) (Stoy et al. 2013). This addresses a site limitation for flux 
measurements, and in a further monitoring period the level 
of heterogeneity of the site should be reduced (find a more ho-
mogeneous fetch), and also reduce uncertainties regarding net 

radiation measurements, biological energy assimilation, and 
storage terms (Stoy et al. 2013).

The identified most important factors influencing seasonal vari-
ations in gc and Ω (decoupling factor) corroborate other studies 
in the wooded Cerrado (Cabral et  al. 2015; Giambelluca et  al. 
2009; Blanken and Black  2004). For instance, vapor pressure 
deficit (VPD) was consistently one of the most important vari-
ables for predicting gc mainly in the drier seasons due to a higher 
daily amplitude and higher coupling between canopy and at-
mosphere. However, in the annual analysis, soil water content 
(SWC) became the most important variable due to its amplitude. 
The variance of this variable was insignificant when splitting 
the observations per season and not correlated with gc variation. 
Seasonally, we were unable to provide a detailed explanation 
about the influence of SWC on gc due to uncertainties regarding 
root zone depth in wooded Cerrado areas and the lack of SWC 
monitoring in deeper positions in our study site (Alberton et al. 
2014; Canadell et  al. 1996). We only monitored SWC at 0.5 m 
depth, characterizing a caveat in our seasonal analysis of this 
variable importance.

The u∗ (friction velocity) presented a significant importance 
for the wet seasons, which corroborates with Hong et al. (2014) 
when observing a dependency between the ratio of actual 
and potential ET and u∗ under wet conditions. Nevertheless, 
regarding the dry season and the annual analysis, its impor-
tance was significantly reduced. Consequently, we found no 
clear evidence that u∗ was correlated with gc, except for their 
correlation due to the daily variance of u∗ and its relation to 
atmospheric stability. In contrast, the high performance of 
the Rn (net solar radiation) in terms of RF importance was 
expected (Giambelluca et  al. 2009; Cabral et  al. 2015) since 

TABLE 2    |    Random forest feature importance by season and by footprint filter.

VPD SWC u∗ Rn EVIfootprint

Season
Non-

filtered Filtered
Non-

filtered Filtered
Non-

filtered Filtered
Non-

filtered Filtered
Non-

filtered Filtered

Summer 0.21 0.29 0.22 0.15 0.22 0.16 0.15 0.31 0.19 0.09

Autumn 0.08 0.22 0.07 0.10 0.23 0.22 0.16 0.26 0.46 0.19

Winter 0.39 0.38 0.08 0.10 0.07 0.09 0.32 0.40 0.15 0.03

Spring 0.36 0.43 0.01 0.03 0.13 0.08 0.08 0.20 0.43 0.27

All 
seasons

0.26 0.24 0.32 0.35 0.11 0.11 0.18 0.21 0.13 0.09

FIGURE 7    |    Hourly EVI correlation by season for EVIradius (dashed line) and EVIfootprint (solid line).
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adding energy to the vegetation systems increases cellular 
respiration capacity. Furthermore, the consistent increase 
in Rn importance when using only filtered data indicates an 
improvement in representativeness of the target vegetation, 
which is related directly to the latent heat flux and its capacity 
of energy closure (Figure 4), represented by gc.

The interaction between EVI and gc can also be understood 
through the lens of stomatal conductance, which is a major 
component of gc. Stomatal conductance varies diurnally and 
seasonally in response to environmental factors such as VPD 
and Rn, which are also captured by EVI (Gowdy et al. 2022; 
Bai et al. 2015). During periods of high solar radiation and low 
air-humidity, stomatal conductance typically increases lead-
ing to higher rates of transpiration and hence photosynthesis, 
which are reflected in elevated EVI values. Conversely, sto-
matal closure reduces gc under drought conditions and, con-
sequently, contributes to a decline in EVI due to plant stress 
(Bai et al. 2015). Camargo et al.  (2018) provided a long-term 
study in the wooded Cerrado near our study site, in which 
they observed a peak in leaf fall during the dry season and 
in leaf growth during the dry-to-wet transition period over 
106 species of tropical trees (deciduous and semi-deciduous). 
These behaviors are reflected in our results in the RF impor-
tance of EVI values in the fall and winter seasons and are 
consistent with other studies that utilized LAI (Vourlitis et al. 
2002; Giambelluca et  al. 2009). One study (Rodrigues et  al. 
2014), in particular, for a mix of forest and grassland using 
a MODIS product, their EVI results are comparable in terms 
of range and pattern of value with our results for EVIradius. 
These corroborated results reflect the fact that our study site 
can be categorized as medium representative (Göckede et al. 
2008) if no filter or integration with the footprint is applied. 
By integrating EVI with the footprint, we were able to filter 
non-target areas and better correlate it with gc. Nonetheless, 
after filtering data, there was still significant heterogeneity of 
species that differs from each other in terms of leafing pat-
terns (Almeida et al. 2014; Alberton et al. 2014), which were 
observed in the EVI and the evapotranspiration response.

As mentioned before, complex EC measurement sites can in-
fluence the representativeness of evapotranspiration measure-
ments, and such complexity in the land use surrounding the 
instruments tower was the main scientific endeavor faced by 
this study. Such difficulties raised the main scientific questions 
discussed here and also opened the path for new discussions 
based on the limitations found along the way. It is worth men-
tioning that it is not possible to use a single EC tower measure-
ment data to infer the regional evapotranspiration of the entire 
Cerrado ecoregion (Olson et  al. 2001). The footprint-weighted 
EVI may not be representative of the ecoregion as it comprises 
different phytophysiognomies and vegetation densities: from 
open fields to woodlands and forests (Eiten  1978). Thus, this 
study comprises data that represents a typical woodland of the 
Cerrado uplands.

Although EC flux measurements over wooded and tall cano-
pies—likewise the land cover observed through the weighed 
footprint—are a widely used technique, some complementary 
assessments along the site and in the data set may be necessary 
for further studies to better understand net ecosystem exchange, 

its components, and main drivers (Longdoz and Granier 2012). 
Thus, following the need for parallel non-EC ecosystem mea-
surements, the EVI data set was a powerful complement to this 
research. However, the assessment of the EVI correlation with 
gc in summer reached a stronger variability along the day due 
to the reduced number of EVI sampling points in comparison 
to other seasons (Figure  7a). This reduced EVI sampling was 
related to the higher cloud cover of the remote sensing data 
during the summer period (Prudente et al. 2020), which reduced 
the number of usable images along the analysis. Consequently, 
this reduced availability of EVI images may have also affected 
the random forest analysis. Thus, we recommend that further 
ground-based measurements or remotely piloted aircraft system 
(RPAS) for imagery acquisition (Tang and Shao 2015) take place 
in order to obtain more information about the current status of 
the target ecosystem when the occurrence of clouds is higher 
during certain months of the year (e.g., in our case during the 
summer). This would increase the temporal resolution of remote 
sensing products when less optical information about the vege-
tation is available. In addition to RPAS, which can enhance both 
the spatial and temporal resolutions of vegetation monitoring, 
deploying a phenological camera at the flux tower presents a 
more practical alternative (Alberton et al. 2014; Alberton et al. 
2017), enabling the continuous acquisition of data that can be 
seamlessly correlated with other monitored variables.

Concerning further studies involving the dataset assessed here 
and the EC measurement site, it is expected to (i) expand the 
flux time-series analysis; (ii) include greenhouse gases EC mea-
surements such as CO2 to obtain essential responses such as net 
ecosystem exchange (NEE), gross primary production (GPP), and 
ecosystem respiration (TER); (iii) use the flux footprint prediction 
analysis proposed by Kljun et al. (2015) to determine land cover 
classes contribution based on remote sensed data in order to cali-
brate NEE models according to the multiple ecosystems (Rößger 
et al. 2019; Holl et al. 2020) caught by the tower in its heteroge-
neous and patchy surroundings; (iv) continue studies related to 
ecosystem hydrology and extract some important responses from 
the targeted ecosystem such as underlying water use efficiency 
(WUE) and evapotranspiration partitioning (Zhou et al. 2016).

5   |   Conclusions

This paper reflects the first results from an empirical study 
involving an eddy covariance tower placed within a site con-
taining a complex land cover distribution over its fetch. Thus, a 
footprint modeling followed by data filtering to select fluxes that 
better represented a wooded Cerrado vegetation, covering most 
of the tower surroundings. The results reported here show that 
integrating vegetation index with flux footprint has the potential 
to enhance the representativeness of the target vegetation. Our 
study also uncovers the most important environmental factors 
driving evapotranspiration along the seasons over a remaining 
Cerrado vegetation area in Southeast Brazil.

The flux representativeness can be improved by integrating a 
30-min flux footprint assessment to filter the data and calculat-
ing the decoupling factor (Ω) and canopy conductance (gc) for 
the target ecosystem (wooded Cerrado in this case study). This 
enhancement was observed through a better energy balance 
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closure from an area with a more homogeneous EVI distribution 
and a better correlation between gc and EVI along the seasons.

The most important variables explaining gc varied along the sea-
sons. The SWC regulates gc at an annual basis, but the atmosphere 
(represented by VPD) was the most important driver related to 
how vegetation seasonally regulates evapotranspiration process 
within the wooded Cerrado. The phenology assessed here by EVI 
plays a remarkable and variable role along the seasons.

Despite the limitations of this study site, we explored the effects 
of land surface heterogeneity in the evapotranspiration with the 
implementation of coupling with footprint. Although flux foot-
print prediction can be resourcefully expensive, we found its 
coupling with each 30-min flux added significant value besides 
the classification of the level of representativeness of our study 
site. Furthermore, this study aimed to be the foundation of other 
carbon fluxes and gap-filling applications and extended to other 
water balance studies concerning the Cerrado ecoregion.
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