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ABSTRACT

The direct estimation of the soil heat flux (G) by remote sensing data is not possible. For this, several 
models have been proposed empirically from the relation of G measures and biophysical parameters 
of various types of coverage or not vegetated in different places on earth. Thus, the objective of this 
study was to evaluate the relation between G/Rn ratio and biophysical variables obtained by satellite 
sensors and evaluate the parameterization of different models to estimate G spatially in three sites 
with different soil cover types. The net radiation (Rn) and G were measured directly in two pastures 
at Miranda Farm and Experimental Farm and and Monodominant Forest of Cambará. Rn, G, and 
G/Rn ratio and MODIS products, such as albedo (α), surface temperature (LST), vegetation index 
(NDVI) and leaf area index (LAI) varied seasonally at all sites and inter-sites. The sites were different 
from each other by presenting different relation between measures of Rn, G and G/Rn ratio and 
biophysical parameters. Among the original models, the model proposed by Bastiaanssen (1995) 
showed the best performance with r = 0.76, d = 0.95, MAE = 5.70 W m-2 and RMSE = 33.68 W m-2. 
As the reparameterized models, correlation coefficients had no significant change, but the coefficient 
Willmott (d) increased and the MAE and RMSE had a small decrease.
Keywords: Mato Grosso, pasture, monodominant forest, orbital sensors.

RESUMO: PARAMETRIZAÇÃO DE MODELOS PARA ESTIMAR O FLUXO DE CALOR NO 
SOLO EM TRÊS REGIÕES DO PANTANAL DO MATO GROSSO USANDO SENSORIAMENTO 
REMOTO
A estimativa do fluxo de calor no solo (G) diretamente por dados de sensores remotos não é 
possível. Para isso, diversos modelos foram proposto relacionando empiricamente medidas de G 
e parâmetros biofísicos de diversos tipos de cobertura vegetada, ou não, em diferentes locais do 
planeta. Sendo assim, o objetivo deste trabalho foi avaliar a relação entre G/Rn e variáveis biofísicas 
obtidas por sensores orbitais e avaliar a parametrização de diferentes modelos de estimativa de 
G espacialmente em três sítios experimentais com distintos tipos coberturas do solo. O saldo de 
radiação (Rn) e G foram medidos diretamente em duas áreas de pastagens na Fazenda Miranda e 
na Fazenda Experimental e em uma Floresta Monodominante de Cambará. Rn, G, razão G/Rn e 
os produtos MODIS, tais como albedo (α), temperatura da superfície (LST), índice de vegetação 
da diferença normalizada (NDVI) e índice de área foliar (LAI) variaram sazonalmente em todos 
os sítios experimentais e entre os sítios experimentais. Os sítios experimentais mostraram-se 
diferentes entre si por apresentar distintas relações entre as medidas de Rn, G e a razão G/Rn e os 
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parâmetros biofísicos. Dentre os modelos originais, o modelo proposto por Bastiaanssen (1995) 
apresentou o melhor desempenho com r = 0,76, d = 0,95, MAE = 5,70 W m-2 e RMSE = 33,68 
W m-2. Quanto aos modelos reparametrizados, os coeficientes de correlação se mantiveram, mas 
o coeficiente de Willmott (d) aumentou e o MAE e RMSE tiveram uma pequena diminuição.
Palavras-chave: Mato Grosso, pastagens, floresta monodominante, sensores orbitais.

1. INTRODUCTION

The Mato Grosso State has a rich ecological diversity in 
three distinct biomes (Amazon, Pantanal and Cerrado), which 
have special importance on global climatic changes issues 
(Arieira et al., 2011). Recent trends of economic development 
have contributed to convert natural areas in pasture and cropland 
(Wantzen et al., 2008; Milne et al., 2010). This landscape 
conversion changes the energy exchange of the soil-plant-
atmosphere system (Coutinho, 2010).

The assessment of energy exchange can be carried 
by micrometeorological techniques, which allows the 
characterization of local microclimate, as well the identification 
of the ecosystem function changes caused by anthropogenic 
activities (Biudes et al., 2009). However, these technics provide 
a punctual measure of the energy exchange and its use to 
spatial characterization is expensive and laboriously. Therefore, 
remote sensing techniques are highlighted because they allow 
monitoring of energy exchange on a regional scale using a few 
ground data (Allen et al., 2011).

Actually, different methodologies to estimate the energy 
exchange by remote sensing techniques are used (Bastiaanssen 
et al., 2005; Mu et al., 2007; Allen et al., 2007; Kustas and 
Anderson, 2009). The Surface Energy Balance Algorithm for 
Land (SEBAL; see Bastiaanssen 2000; Bastiaanssen et al., 
2005) is a model used to several issues (Bastiaanssen, 1995; 
Bastiaanssen et al., 2005; Allen et al., 2011). However, the 
effectiveness of this model over different geographical areas 
depends of the correct soil heat flux (G) estimation (Kustas 
and Norman, 1999).

The G is a function of the soil-plant system configuration, 
and it varies according to the soil type and water content 
(Bezerra et al., 2008), vegetation type (Allen et al., 2005; 
Santos et al., 2010) and local microclimate (Allen et al., 2007). 
Generally, the G represents 5% of net radiation (Rn) in forest 
and between 20 and 40% in partially covered surface (Kustas 
et al., 2000). Due to the amplitude of variation of G and G/Rn 
ratio, this issue requires more attention (Payero et al., 2005).

The G cannot be directly mapped by satellite observations 
(Allen et al., 2011), but the fraction G/Rn is reasonably 
predictable near to noon by the empirical relation with soil 
and vegetation characteristic estimated by satellite image data 
(Choudhury et al., 1987; Bastiaanssen, 1995; Tasumi, 2003, 
Allen et al., 2011), such as the leaf area index (LAI), normalized 

difference vegetation index (NDVI), albedo (α) and land-surface 
temperature (LST). Thus, several models have been proposed 
to estimate G based on the G/Rn ration as a function soil and 
vegetation characteristics (Choudhury et al., 1987; Jackson 
et al., 1987; Kustas and Daughtry, 1990; Kustas et al., 1993; 
Bastiaassen, 1995; Burba et al., 1999; Ma et al., 2001; Payero 
et al., 2001; Tasumi, 2003; Ruhoff, 2011). However, these 
methods were formulated for different types of surfaces (soil 
and vegetation) in different locations.

Therefore, the objective of this study was evaluate the 
relation between G/Rn ratio and satellite image data and evaluate 
the parameterization of different models to estimate G spatially 
in three different sites in Mato Grosso state.

2. MATERIALS AND METHODS

2.1 Sites description

The study was conducted in three different sites in Mato 
Grosso state (Figure 1) with similar climate characteristics. The 
annual average of temperature is 24.9-25.4°C, precipitation is 
1300-1400 mm, and there is a dry season between April and 
September, and a wet season from October to March (SEPLAN, 
2001). The first area is located on Miranda Farm (MF) in 
Cuiaba-MT, and coordinates 15° 43’ 53, 65’’ S and 56º 04’ 18, 
88’’ W and the altitude of 157 m. This area is characterized 
as a pasture, with dominance of herbaceous vegetation that 
emerged after the deforestation, and it contains Cerrado stricto 
sensu fragments. The soil of Miranda Farm was classified as 
PLINTOSSOLO PÉTRICO Concrecionário lítico.

The second area was located at the Experimental Farm 
(EF) of the Federal University of Mato Grosso, with coordinates 
15° 47’ 11 “S and 56º 04’ 47” W and altitude of 140 m, in 
Santo Antônio do Leverger-MT. This area is characterized as 
a Brachiaria humidicola pasture. The soil was classified as 
PLANOSSOLO HÁPLICO Eutrófico gleissólico.

The third area was located in the RPPN SESC Pantanal 
(CAM) at coordinates 16° 39’ 50’’ S and 56º 47’ 50’’ W and 
altitude of 120 m, in Barão de Melgaço-MT. This area is a 
Monodominant Forest of Cambará (Vochysia divergens Pohl), 
locally known as Cambarazal, with canopy heights ranging from 
28 to 30 m, and it forms a continuous band of approximately 25 
km long and 4 km wide, parallel to Cuiabá river. The soil was 
classified as GLEISSOLO HÁPLICO Ta Distrófico.
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All sites had the same equipment description. The net 
radiation was measured by a net radiometer (NR-LITE, Kipp & 
Zonen Delft, Inc., Holland) installed at 5 m in MF, 2.5 m in EF 
and 33 m in CAM above the vegetation canopy, and the soil heat 
flux were obtained by soil heat flux plates (model HFT-3.1, Rebs, 
Inc., Seattle, Washington) installed at 2 cm deep surface. The 
produced data from the transducers in all sites were processed 
and stored every 15 minutes by a datalogger (CR 10X, Campbell 
Scientific, Inc., Logan, Utah).

2.3 Estimation of soil heat flux by different methods 
using remote sensing data

We downloaded the leaf area index - LAI (MOD15A2), 
land-surface temperature - LST (MOD11A2), albedo - α 
(MCD43A3) and normalized difference vegetation index - NDVI 
(MOD13Q1), based on the geo-location information (latitude and 
longitude) of each area. The time series used were between 2009 
and 2011, only 2007, and 2007 and 2008 to FM, FE and CAM, 
respectively. The data are published by the EROS Data Center 
Active Archive Center (EDC Daac). As noise in vegetation index 
should be low and the spatial resolution of each MODIS product, 
we used a pixel group as a guarantee of high quality metric (QA) 
to obtain the average MODIS products, representing of 1 km2 
around each tower. Only pixels with highest quality assurance 
metrics were used to parameterize the models to estimate G.

There were some data gaps even using pixel groups. 
The presence of cloud and aerosols and the variation caused 

by bidirectional reflectance and sensor geometry can limit 
the reflectance efficacy to assess spatial-temporal dynamics 
in biophysical processes (Hird and McDermid, 2009). To 
improve the signal-noise ratio we use a signal extraction 
technique (Hermance et al., 2007). Thus, we applied Singular 
Spectrum Analysis, using the CatMV software (Golyandina 
and Osipova, 2007), which is particularly effective for the 
filtered reconstruction of short, irregularly spaced, and noisy 
time series (Ghil et al., 2002; Golyandina and Osipova, 2006) 
to improve the signal-noise ratio of the MODIS land surface 
reflectance.

The soil heat flux (G) was estimated by different models, 
such as Choudhury et al. (1987) (Equation 1); Jackson et al. 
(1987) (Equation 2); Kustas and Daughtry, (1990) (Equation 3); 
Kustas et al. (1993) to LAI < 4 (Equation 4); Kustas et al. (1993) 
to LAI > 4 (Equation 5); Bastiaanssen (1995) (Equation 6); 
Burba et al. (1999) (Equation 7); Payero et al. (2001) (Equation 
8); Ma et al. (2001) (Equation 9); Tasumi (2003) to vegetated 
soil (Equation 10); Tasumi (2003) to bare soil (Equation 11); 
and Ruhoff (2011) (Equation 12).

Figure 1 - Location of Mato Grosso, Brazil experimental sites in a Monodominant Forest of Cambará (CAM), Miranda Farm (MF) and Experimental 
Farm (EF).
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All models relate the G/Rn ratio and biophysical 
parameters, which were used the MODIS products of LAI 
(MOD15A2), LST (MOD11A2), α (MCD43A3) and NDVI 
(MOD13Q1). The average of micrometeorological data (Rn, 
G and the ratio G/Rn) obtained between 9:30 min and 13:30 
min were synchronized with the MODIS products for each site 
according to data availability.

2.5 Analysis of statistical data

The general concept of the method is shown in 
Figure 2. The α, LST, NDVI and LAI obtained as MODIS 
products were combined with G/Rn obtained in each area. 
The parameterizations of the models were performed using a 
nonlinear regression by G/Rn ratio as the dependent variable 
and MODIS products as independent variables (Wilks, 2011).

The evaluation of parametrization was performed by 
Pearson correlation (r), Willmott index (d), root mean square 
error (RMSE) and mean absolute error (MAE) (Willmott et al., 
1985; Willmott and Matsuura, 2005). The Kruskal-Wallis test 
(Wilks, 2011) was used to verify which variables were significant 
differences between the study sites (FM, FE and CAM). The 
Mann Whitney test (Wilks, 2011) was used to verify if the period 
of data collection (the rainy season from October to April, and 
dry season from May to September) caused significant variations 
(p-value  <0.05) in Rn, G, G/Rn, α, LST, NDVI and LAI.

3. RESULTS AND DISCUSSION

3.1 Evaluation of products obtained from orbital 
sensors

The α (Figure 3 and Table 1) were significantly 
affected by sites and seasons (p-value <0.05). The highest α 

values in MF and EF are due to smaller, sparse and lighter 
vegetation which increases the reflection power of surface 
affecting directly albedo estimative (Doughty et al., 2012), 
representing 19-27% of incoming short wave radiation 
(Breuer et al., 2003). On the other hands, forested surfaces 
have lower α (11-14%) and more uneven canopies compared 
to pastures, absorbing more sunlight and facilitating the 
mix of air (Breuer et al., 2003). Forested areas have higher 
surface roughness and moisture, and dark color than the 
pastures, which directly influences the uptake of energy 
reflected and absorbed by the earth’s surface (Berbet and 
Costa, 2003). Moreover, the CAM vegetation structure is 
28-30 m trees height which provides a greater absorption of 
solar radiation that penetrates the canopy and is absorbed 
therein (Allen, 2007; Ruhoff, 2011, Santos et al., 2011). The 
conversion of forest to short vegetation is associated with 
significant increase in α and a consequent reduction in the 
net energy absorbed by the canopy (Culf et al., 1995), which 
decrease in rugosity, root system and foliar surface (Sheil 
and Murdiyarso 2009).

The α values were also higher during dry season in all 
sites (Table 1). The seasonality of α is a function of precipitation 
in all sites, which has a strong seasonal trend with 90% of 
total precipitation occurring during the wet season (Biudes 
et al., 2013). The higher α during the dry season is due to the 
dry surface areas with lighter coloration, whereas the surfaces 
(vegetation and soil) are dark during the wet season (Santos et 
al., 2011).

The LST was positively correlated with α in all sites 
(Table 2). The LST (Figure 3 and Table 1) were significantly 
affected by sites and seasons (p-value  <0.05). CAM was 
cooler than MF and EF, and the LST was higher during wet 
season. The spatial variation in LST is the result of a complex 
combination of intrinsic factors (soil and vegetation types, 
bedrock, etc.) and extrinsic factors (topography, sunlight, 
proximity of targets, etc.), which result on the variation of 
the regional optical characteristics (Santos et al., 2011). The 
lower values of LST in CAM (Table 1) were due to the barrier 
imposed by the vegetation canopy, which reduces the solar 
irradiative transfer (Santos et al., 2011). Furthermore, the 
forest reduces sensible heat fluxes which typically comes at 
a cost of evaporating more water. Thus, the degree of this 
cooling is regulated by constraints such as leaf area, rooting 
depth and soil water availability (Nosetto et al. 2012). From 
an aerodynamic perspective, a closer coupling of LST and air 
temperature occurs due to a strong mixing between air and 
forested surfaces. The reduction on LST in all sites during 
dry season is a function of the decreasing of incoming solar 
radiation and the occurrence of the “friagens” in the region 
(Biudes et al., 2012). 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

 =  × 0.4 ×  −0.5 ×  (1)

 =  × 0.583 × −2.13 ×  (2)

 =  × 0.32 − 0.21 ×  (3)

 =  × 0.34 × −0.46 ×  (4)

 =  × 0.07 (5)

 =  ×  − 273.16 × 0.0038 + 0.0074 ×  × 1 − 0.98 ×  (6)

 = 0.41 ×  − 51 (7)

 =  × −13.46 + 0.507 × 4 × 0.123 ×  − 273.16 + 0.0863 (8)

 = 0.35 ×  − 47.79 (9)

 =  × 0.05 + 0.18 × −0.521 ×  (10)

 = 1.8 ×  − 273.16  + 0.084 (11)

 = 0.007 ×  + 0.95 ×  − 273.16 − 23.21 (12)

 

                                                                                                   (6)

                                                                                                   (7)

                                                                                                   (8)

                                                                                                   (9)

                                                                                                 (10)

                                                                                                 (11)

                                                                                                 (12)



Dezembro 2014	 Revista Brasileira de Meteorologia	 473

The α and LST were delayed in time, for eight days in 
MF, sixteen days in EF and eight days in CAM (Figure 3). These 
delays were possibly by the different time interval of the surface 
absorption of incident irradiation and atmospheric interaction. 
This irradiation passes downward through the atmosphere 
before being captured by the orbital sensor and then return to 
it (Mu et al., 2011).

The NDVI and LAI were positively correlated in MF and 
EF and were not correlated in CAM (Table 2). These differences 
are probably related to their distant mathematical formulations 
and present different spectral characteristics (Heute, 2002). 
The largest NDVI and LAI amplitude occurs in MF and EF, 
while these indexes do not show any appreciable changes in 
CAM (Table 1).

 

Figure 2 - Diagram of the procedure for parameterizing the soil heat flux (G) combining MODIS products as albedo (α), land surface temperature 
(LST), leaf area index (LAI), normalized difference index (NDVI ) and net radiation (Rn).

Local Season 
Rn 

(W m-2) 

G 

(W m-2) 
G/Rn α

LST 

(°C) 
NDVI 

LAI 

(m2 m-2) 

MF 
Dry 430,5±39,2 102,0±16,0 0,243±0,050 0,215±0,017 33,1±2,2 0,489±0,065 1,2±0,2

Wet 532,6±68,4 94,3±35,6 0,180±0,060 0,214±0,019 32,0±1,6 0,623±0,037 1,8±0,2

EF 
Dry 434,4±42,6 31,6±7,5 0,073±0,018 0,231±0,015 31,9±2,6 0,533±0,056 1,3±0,2

Wet 520,5±83,7 37,3±7,0 0,070±0,007 0,226±0,017 31,1±1,1 0,642±0,039 2,0±0,1

CAM 
Dry 399,4±63,2 10,1±1,9 0,025±0,004 0,202±0,007 28,7±1,9 0,794±0,003 6,0±0,2

Wet 512,8±64,6 7,1±1,2 0,013±0,003 0,212±0,006 28,6±1,9 0,819±0,013 6,1±0,1

 

Table 1 - Mean ± standard deviation of net radiation (Rn), soil heat flux (G) G/Rn ratio, albedo (α), land-surface temperature (LST), normalized 
difference vegetation index (NDVI) and leaf area index (LAI) by season on Miranda Farm (MF), Experimental Farm (EF) and Monodominant 
Forest of Cambará (CAM). 
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The NDVI and LAI were significantly affected by 
sites and seasons (p-value  <0.05) (Figure 3 and Table 1). 
There was no difference of NDVI and LAI values between 
MF and EF, and they were lower than CAM (Table 1). The 
lower values of NDVI and LAI in MF and EF in the dry 
season indicate that the photosynthetic activate was impacted 
by the hydric stress due to less rainfall (Huete et al., 2006). 
The higher vegetation biomass reflects more near-infrared 
radiation during the wet season, which influences in NDVI 
increase (Mu et al., 2011). The relationship between NDVI 
and vegetation structural parameters, such as biomass and 
LAI, which is a biophysical variable directly, related to 
transpiration and forest productivity shows up better for areas 
of early succession in presenting lower values of biomass 

(Breda et al., 2003). The smallest differences of NDVI and 
LAI on CAM were due to the better adaptation strategy of 
the vegetation. The overstory LAI and understory LAI of 
CAM have an inverse seasonal pattern with higher overstory 
LAI in wet season and higher understory LAI during the dry 
season, and the result is a lack of seasonal significance of 
total LAI (Biudes et al., 2013). 

3.2 Evaluation of the soil heat flux and radiation 
balance

The average of net radiation (Rn) obtained between 
9:30 min and 13:30 min of each day (Figure 4 and Table 1) 
was not significant affected by sites, but it was significantly 
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Figure 3 - 8 days of land-surface temperature and albedo of Miranda Farm (a), Experimental Farm (c) and Monodominant Forest of Cambará (e) 
and leaf area index (LAI) and normalized difference vegetation index (NDVI) of Miranda Farm (b) Experimental Farm (d), and Monodominant 
Forest of Cambará (f).
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Miranda Farm 
  G Rn G/Rn α LST NDVI LAI 

G 1.00       
Rn 0.32* 1.00      

G/Rn 0.83* -0.24 1.00     
α 0.75* 0.09 0.73* 1.00    

LST 0.69* -0.13 0.80* 0.84* 1.00   
NDVI -0.43* 0.50* -0.74* -0.39* -0.67* 1.00  
LAI -0.47* 0.41* -0.73* -0.44* -0.58* 0.91* 1.00 

Experimental Farm 
 G Rn G/Rn α LST NDVI LAI 

G 1.00       
Rn 0.65* 1.00      

G/Rn 0.72* -0.05 1.00     
α 0.24 -0.38* 0.64* 1.00    

LST 0.52* -0.07 0.76* 0.51* 1.00   
NDVI 0.07 0.57* -0.44* -0.49* -0.46* 1.00  
LAI 0.35* 0.56* -0.08 -0.04 -0.06 0.78* 1.00 

Monodominant Forest of Cambará 
 G Rn G/Rn α LST NDVI LAI 

G 1.00       
Rn -0.39* 1.00      

G/Rn 0.82* -0.72* 1.00     
α -0.35 0.11 -0.50* 1.00    

LST 0.10 -0.08 -0.09 0.69* 1.00   
NDVI -0.80* 0.76* -0.86* 0.18 -0.20 1.00  
LAI -0.13 0.12 -0.39* 0.83* 0.76* 0.09 1.00 

 

Table 2 - Spearman correlation matrix of soil heat flux (G), net radiation (Rn), G/Rn ratio, albedo (α), land-surface temperature (LST), normalized 
difference vegetation index (NDVI) and leaf area index (LAI) of the Miranda Farm (MF), Experimental Farm (EF) and Monodominant Forest of 
Cambará (CAM). The symbol (*) indicates p-value < 0.05.

affected by seasons (p-value <0.05). The higher values of Rn 
occurs in the wet season due to astronomical factors, which 
reduce the solar radiation in June and increase to a maximum 
in December (Biudes et al., 2009). Furthermore, the forest 
degradation and deforestation can expose the soil and affect 
the long wave balance due to the release of particulate matter 
into the atmosphere during dry season (Betts et al., 2008), and 
decrease the incoming solar radiation due to changes in the 
chemical atmosphere composition with the emission of trace 
gases and aerosol particles (Artaxo et al., 2006). Another Rn 
variation cause variation is the spectral characteristics of the 
surface of study areas (Rodrigues et al., 2009). However, as 
there was no interaction between sites and seasons, we cannot 
point to surface spectral characteristics as a cause of Rn 
variation. The Rn was positively correlated with NDVI in all 
areas, and negatively correlated with α in EF (Table 2). The 
positive correlation of NDVI with Rn is the coincidence of 
the occurrence of intense sunlight and high water availability 
during wet season (Table 2).

The average of soil heat flux (G) obtained between 9:30 
min and 13:30 min of each day (Figure 4 and Table 1) were 
significantly affected by sites and seasons (p-value  <0.05). 
The G values in MF were eleven folds higher than G in CAM 
and the G values in EF were four folds higher than G values in 
CAM. The G values was higher during dry season in MF and 
CAM and during wet season in EF, respectively. 

The average of G/Rn ratio obtained between 9:30 
min and 13:30 min of each day (Figure 4 and Table 1) were 
significantly affected by sites and seasons (p-value <0.05). 
As the G values, G/Rn ratio values in MF were eleven folds 
higher than G in CAM and the G values in EF were four 
folds higher than G values in CAM, however, G/Rn values 
was higher during dry season in all sites. The G/Rn ratio 
averages of this work is in agreement of obtained in tropical 
forest (Biudes et al., 2009) and partially covered surfaces 
(Kustas et al., 2000).

The pattern of G and G/Rn relationship with MODIS 
products were different between the sites (Table 2). The G 
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Figure 4 - Average of net radiation and soil heat flux obtained between 9:30 min and 13:30 min of each 8 days of Miranda Farm (a), Experimental 
Farm (c) and modominant area of cambara (e) and average of G/Rn ratio obtained between 9:30 min and 13:30 min of each 8 days of Miranda Farm 
(a), Experimental Farm (c), and Monodominant Forest of Cambará (e).

and G/Rn was positively correlated with LST in MF and EF 
and had not significant correlation with LST in CAM. G was 
negatively correlated with NDVI in MF and CAM and had not 
significant correlation with NDVI in EF, however G/Rn was 
negatively correlated with NDVI in all sites. The difference of 
the pattern of G and G/Rn relationship with MODIS products 
probably is due to the vegetation structure. The vegetation 
height in MF and EF is short (maximum 40 cm during wet 
season), which is unable to attenuate the solar radiation 
transmittance, thus the heat is transferred directly to the soil. 
As the vegetation height in CAM is 28-30 m tall, there is an 
air volume between the canopy and the soil, which decrease 
the solar radiation transmittance and causes low values and 
amplitude of soil heat flux.

3.3 Evaluation of soil heat flow model

Initially, we analyzed the performance of all original 
models using data from the three sites, even Rn, G and G/Rn 
ratio correlated differentially between sites. All models, with 
exception of Burba et al. (1999), Ma et al. (2001) and Tasumi 
(2003) to bare soil, had accepted performance with high r and d, 
but also high RMSE and MAE (Table 3). The Figure 5 represents 
the relation of G measured in all sites and G estimated by better 
six performance models.

With the aim to get better the performance we 
reparameterized all models and obtained new models (Table 4). 
The Figure 6 represents the relation of G measured in all sites 
and G estimated by better six performance of reparameterized 



Dezembro 2014	 Revista Brasileira de Meteorologia	 477

0 25 50 75 100 125 150 175 200

Es
tim

at
ed

 S
oi

l H
ea

t F
lu

x 
(W

 m
-2

)

0

25

50

75

100

125

150

175

200

y = 0.55 x + 39.41
R2 = 0.50

a

0 25 50 75 100 125 150 175 200
0

25

50

75

100

125

150

175

200

y = 0.26 x + 74.89
R2 = 0.45

b

0 25 50 75 100 125 150 175 200

Es
tim

at
ed

 S
oi

l H
ea

t F
lu

x 
(W

 m
-2

)

0

25

50

75

100

125

150

175

200

y = 0.48 x + 36.66
R2 = 0.51

c

0 25 50 75 100 125 150 175 200
0

25

50

75

100

125

150

175

200

y = 0.31 x + 49.01
R2 = 0.58

d

Measured Soil Heat Flux (W m-2)

0 25 50 75 100 125 150 175 200

Es
tim

at
ed

 S
oi

l H
ea

t F
lu

x 
(W

 m
-2

)

0

25

50

75

100

125

150

175

200

y = 0.48 x + 101.57
R2 = 0.48

e

Measured Soil Heat Flux (W m-2)

0 25 50 75 100 125 150 175 200
0

25

50

75

100

125

150

175

200

y = 0.27 x + 39.13
R2 = 0.52

f

 

 Figure 5. Relation between soil heat flux measured in all sites and obtained by models proposed by Choudhury et al. (1987) (a); Kustas and 
Daughtry (1990) (b); Kustas, Daughtry and Oevelen (1993) for LAI < 4 (c); Bastiaanssen (1995) (d); Payero et al., (2001) (e) and Tasumi (2003) 
for vegetated soil (f).

models. The result was the small increase of r of all models with 
local parameterization, and a considerably increase in d and a 
decrease in MAE and RMSE of all models (Table 4).

The Bastiaanssen (1995) model is worthy of more 
attention for the greater r and d and smaller RMSE and 
MAE. It also should be considered due to large number of 
biophysical variables in its model formulation (α, LST and 
NDVI). This model was parameterized to represent a wide 
type of surface which may be monitored by orbital sensors, 
such as non-vegetated and vegetated areas, grasslands, forests 

or even desert areas and wetlands (Bastiaanssen, 1995). 
In addition, all these biophysical parameters are strongly 
correlated with the G/Rn ratio in all sites. The systematic 
study of the behavior of the G and its parameterization/
calibration in locu should be performed with different 
surfaces which exhibit intrinsic spectral responses influencing 
the accounting of the energy balance of each ecosystem 
(Clothier et al. 1986; Choudhury et al., 1987; Daughtry et 
al., 1990; Bastiaanssen, 2000; Payero, 2001; Allen, 2002; 
Tasumi, 2003; Trezza, 2002).
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Authors MAE RMSE d r 

Choudhury et al. (1987) 11.05 33.38 0.95 0.71 

Jackson et al. (1987) 13.87 36.36 0.94 0.73 

Kustas and Daughtry (1990) 28.56 45.65 0.92 0.67 

Kustas, Daughtry and Oevelen (1993) 

LAI<4 
4.31 31.70 0.95 0.71 

Kustas, Daughtry and Oevelen (1993) 

LAI>4 
28.77 51.96 0.76 0.33 

Bastiaanssen (1995) 5.70 33.68 0.95 0.76 

Burba et al. (1999) 84.15 96.20 0.81 0.33 

Payero et al. (2001) 69.16 76.31 0.86 0.69 

Ma et al. (2001) 60.66 75.46 0.85 0.33 

Tasumi (2003) vegetated soil 6.43 35.28 0.93 0.72 

Tasumi (2003) bare soil 62.31 76.77 0.01 -0.06 

Ruhoff (2011) 52.35 68.01 0.37 0.71 

 

Table 3 - Mean absolute error (MAE), root mean square error (RMSE), Willmott coefficient (d), and correlation coefficient (r) of original soil heat 
flux models.

Parameterized Models MAE RMSE d r 

 =  × 0.34 ×  −0.5 ×  1.20 31.15 0.95 0.71 

 =  × 1.12 × −3.5 ×  3.43 33.29 0.94 0.69 

 =  × 0.47 − 0.54 ×  2.03 31.23 0.95 0.72 

 =  × 0.34 × −0.50 ×  1.20 31.15 0.95 0.71 

 = 0.13 ×  2.05 42.98 0.90 0.33 

 =  ×  − 273.16 × 0.0072 + −0.0025 ×  × 1 − 2.11 ×  1.92 29.17 0.96 0.76 

0.17 ×  − 22.5 1.36 42.73 0.90 0.33 

 = −7277.0 + 84.82 × 80.92 × 0.0017 ×  − 273.16 + 0.017 ×  0.66 30.61 0.95 0.73 

0.17 ×  − 22.50 1.36 42.73 0.90 0.33 

 =  × −0.0021 + 0.34 × −0.49 ×  1.12 31.14 0.95 0.71 

 = −200.24 ×  − 273.16 ⁄  + 76.0 1.52 45.28 0.88 0.06 

 = 0.17 ×  + 12.78 ×  − 273.16 − 424.73 0.64 30.61 0.95 0.73 

 

Table 4 - Reparameterized models and mean absolute error (MAE), root mean square error (RMSE), Willmott coefficient (d), and correlation 
coefficient (r).

 − 273.16 × −0.0025 + 0.050 ×  × 1 − 2.13 ×  ×  (13)

 − 273.16 × −5. 10 + 0.012 ×  × 1 − 0.14 ×  ×  (14)

 − 273.16 × 0.012 + −0.045 ×  × 1 − 1.79 ×  ×  (15)

 

 − 273.16 × −0.0025 + 0.050 ×  × 1 − 2.13 ×  ×  (13)

 − 273.16 × −5. 10 + 0.012 ×  × 1 − 0.14 ×  ×  (14)

 − 273.16 × 0.012 + −0.045 ×  × 1 − 1.79 ×  ×  (15)

 

                                                                                                                                                                                                                        (13)

                                                                                                                                                                                                                (14)

 − 273.16 × −0.0025 + 0.050 ×  × 1 − 2.13 ×  ×  (13)

 − 273.16 × −5. 10 + 0.012 ×  × 1 − 0.14 ×  ×  (14)

 − 273.16 × 0.012 + −0.045 ×  × 1 − 1.79 ×  ×  (15)

 

                                                                                                                                                                                                                        (15)

As the Bastiaanssen (1995) showed the best performance 
to all study areas. We parameterized one model to each site 
and the result of EMA, RMSE, d and r were 1,18 W m-2, 

14,04 W2 m-4, 1,00 e 0,91 (Equation 13) in MF, 0,41 W m-2, 
3,80 W2 m-4, 1,00 e 0,89 (Equation 14) in EF, and 0,60 W m-2, 
3,17 W2 m-4, 0,96 e 0,90 (Equation 15) in CAM, respectively.
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 Figure 6 - Relation between soil heat flux measured in all sites and obtained by reparameterized models proposed by Choudhury et al. (1987) 
(a); Kustas and Daughtry (1990) (b); Kustas, Daughtry and Oevelen (1993) for LAI < 4 (c); Bastiaanssen (1995) (d); Payero et al., (2001) (e) and 
Tasumi (2003) for vegetated soil (f).

4. CONCLUSIONS

The variables obtained by orbital sensors (α, LST, NDVI 
and LAI) and those obtained in each study area (Rn, G and G/
Rn) showed significant influence of season and study site. In 
each area, the distinct ecosystem functioning influenced the 
different couplings between the variables.

The Bastiaanssen (1995) showed the best performance 
when it was analyzed for each site separately and for the all tree 
sites together to obtain a general model.

These results suggested that future studies are needed 
to improve the knowledge of the G estimation under different 
types of surface (vegetation and soil), and with different satellite 
sensor types with higher spatial and temporal resolution.
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