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ABSTRACT

The acceleration of the anthropogenic activity has increased the atmospheric carbon concentration, which
causes changes in regional climate. The Gross Primary Production (GPP) is an important variable in
the global carbon cycle studies, since it defines the atmospheric carbon extraction rate from terrestrial
ecosystems. The objective of this study was to estimate the GPP of the Amazon-Cerrado Transitional Forest
by the Vegetation Photosynthesis Model (VPM) using local meteorological data and remote sensing data
from MODIS and Landsat 5 TM reflectance from 2005 to 2008. The GPP was estimated using Normalized
Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) calculated by MODIS and
Landsat 5 TM images. The GPP estimates were compared with measurements in a flux tower by eddy
covariance. The GPP measured in the tower was consistent with higher values during the wet season and
there was a trend to increase from 2005 to 2008. The GPP estimated by VPM showed the same increasing
trend observed in measured GPP and had high correlation and Willmott’s coefficient and low error metrics
in comparison to measured GPP. These results indicated high potential of the Landsat 5 TM images to
estimate the GPP of Amazon-Cerrado Transitional Forest by VPM.
Key words: Amazon Basin, Cerrado, carbon cycle, climate change, deforestation, ecosystem function.
INTRODUCTION

The study of net exchange of carbon dioxide in the ecosystem (NEE) and gross primary production (GPP)
provide important information about the environment, since the GPP defines the rate at which an ecosystem
accumulate biomass (Xiao et al. 2004). The understanding of the spatial-temporal variation in GPP is
critical for assessing the carbon cycles and improving regional and global climate models. The GPP values
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are dependent of the interaction between biogeochemical cycling, plant physiology, soil water availability,
and climate (Fisher et al. 2007, da Rocha et al. 2009, Costa et al. 2010).
Atmospheric composition and some of its constituents are changing due to anthropogenic activity.
The average CO2 concentration increased from 280 ppm in the XIX century to 398.8 ppm in August 2014
(NOAA 2014). This increase is mainly attributed to human activity, through industrialization, burning fossil
fuels, land use change, agriculture and livestock (IPCC 2014). By 2012, some 749,987 km2 of forest, or
about 20% of the original forest extent of the Brazilian Legal Amazon, had been cleared (INPE 2013, Godar
et al. 2014). Large areas of the remaining forests have been severely degraded and fragmented by logging,
fire, and overhunting (Davidson et al. 2012). This represents a decrease in the amount of carbon, climate
change in the region and changes in ecosystem functioning (Vourlitis et al. 2011).
In Mato Grosso, deforestation practices for livestock and agricultural activity as the cultivation
of soybeans, corn and cotton has been intensified (Fearnside 2001). Between 2009 and 2011, 70%
of whole Brazil deforestation occurred in the Mato Grosso and Pará States (Fearnside et al. 2012).
In the north of Mato Grosso there is a transitional forest between the Amazon and the Cerrado
(Vourlitis et al. 2011). The mix of two distinct vegetation defines this region, which has its own
characteristics (Ackerly et al. 1989). The forest of this transition region is more sensitive to climate
change (Malhi and Wright 2004). Some research shows that over the past 30 years, the region had
higher temperatures than the Central Amazon Basin (Vourlitis et al. 2011, Souza et al. 2014, Biudes
et al. 2014b) and accelerated deforestation associated with changes possibly climate is affecting gas
exchange in this region.
The measurement of GPP is usually made in micrometeorological stations using eddy covariance
method (Vourlitis et al. 2011, Souza et al. 2014, Biudes et al. 2014b). However, this technique provides
point values, which is not always characterized the spatial variability in regional scale. Furthermore, the
Eddy Covariance technique in some cases is not viable due to high cost or poor homogeneity of the sampled
site (Souza et al. 2014). Remote sensing techniques are advantageous because they allow monitoring the
GPP on a regional scale, providing a better understanding of the effects of land use change (Courault et al.
2005, Allen et al. 2011).
The Vegetation Photosynthesis Model (VPM), proposed by Xiao et al. (2004), is a model based on the
vegetation light use efficiency, air temperature and photosynthetic active radiation (PAR) and satellite data
(Xiao et al. 2004). The VPM has been used to estimate the GPP in several vegetation cover as temperate
deciduous broadleaf forest (Xiao et al. 2004, Wu et al. 2010), seasonally moist tropical forest (Xiao et al.
2005), semi-deciduous tropical forest (Souza et al. 2014, Biudes et al. 2014b), and croplands (Li et al.
2007, Wang et al. 2010), using Moderate Resolution Imaging Spectroradiometer (MODIS) reflectance. The
MODIS has the advantage of high temporal resolution (cover the entire earth every 1 to 2 days), because of
the two different platforms (TERRA and AQUA). The spatial resolution of MODIS varies with the band:
250 m form bands 1 and 2, 500 m for bands 3-7 and 1000 m for bands 8-36, which includes the thermal
bands. The Landsat 5 TM has the advantage of high spatial resolution (30 m), but lower temporal resolution
(16 days). However, few studies about the GPP estimates from Landsat 5 TM had been performance
(Bastiaanssen and Ali 2003, Silva et al. 2013).
Given the need for further clarification of the potential of Landsat 5 TM to estimate the regional GPP,
the objective of this study was to estimate the GPP of the Amazon-Cerrado Transitional Forest by the VPM
using local meteorological data and remote sensing data from MODIS and Landsat 5 TM reflectance.
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MATERIALS AND METHODS
SITE DESCRIPTIONS

The study was conducted in a dense, semi-deciduous forest located in the Amazon-Cerrado transition zone
(Fig. 1) 50 km NE near the city of Sinop (11°24’44.28”S: 55°19’28.77”W) between July 2005 and May 2008.
The 30-year mean annual temperature in the Sinop area is 24°C with little seasonal variation, and rainfall
is approximately 2000 mm year-1 (Vourlitis et al. 2008) with a 4–5 month dry season (May–September).
Mean canopy height is 22-25 m, and leaf area index (LAI) varies between 6-7 m2 m-2 during the dry season
and 7-8 m2 m-2 during the wet season (Biudes et al. 2014a), and the vegetation is dominated by tree species
such as Brosimum lactescens, Qualea paraensis and Tovomita schomburkii (Vourlitis et al. 2015). The soil
is a Quartzarenic Neosol characterized by sandy texture (84% sand, 4% silt, and 12% clay in the upper 50
cm of soil), poor nutrients, high porosity, and drain rapidly after rainfall events (Priante-Filho et al. 2004).
MICROMETEOROLOGICAL MEASUREMENTS

A micrometeorological tower was installed in the experimental area and continuously collected data on
photosyntheticaly active radiation (LI-190SB, LI-COR, Lincoln, NE, USA), and air temperature and

Fig. 1 - Location of the micrometeorological tower in in the Amazon-Cerrado transitional forest.
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relative humidity (HMP-45 C, Vaisala, Inc., Helsinki, Finland) at 40 m height. The 3-dimension wind speed
was measured by a sonic anemometer (CSAT-3, Campbell Scientific, Inc., Logan, UT, USA), and the CO2
concentration by an open path infrared gas analyzer (LI-7500, LI-COR, Inc. Lincoln, NE, USA) at 42 m
height. The data signals produced by the transducers were processed and stored every 30 minutes by a
datalogger (CR5000, Campbell Scientific, Inc., Logan, UT, USA). Precipitation was obtained daily in Farm
Maracaí through a manual rain collector located 5 km southwest of micrometeorological tower.
REMOTE SENSING MEASUREMENTS

Vegetation Indexes by MODIS data
The Moderate Resolution Imaging Spectroradiometer (MODIS) sensor is composed of images of 36
spectral bands ranging from 0.4 to 14.4 µm. Seven of their 36 bands are designed for the study of
vegetation and land surface: blue (459-479 nm) - 3 band, green (545-565 nm) - 4 band, red (620-670
nm) - band 1, near infrared NIR (841-875 nm, 1230-1250 nm) band - 2:05, and far infrared SWIR
(1628-1652 nm, 2105-2155 nm) band – 6 and 7. The MODIS data sets are available from 8 to 8 days,
corrected for the effects of atmospheric gases, aerosols, and thin cirrus clouds. These time series data
are published by the Center for EROS Data Center Active Archive (EDC Daac), and for this study we
used the average of nine pixels that partially cover the tower, and these were used only the pixels with
the highest indicators warranty quality. To improve the signal to noise MODIS a reconstruction of the
filtered data relation were performed using the Singular Spectrum Analysis by the catMV software
(Golyandina and Osipova 2007).
The land surface reflectance product (MOD09A1) includes seven spectral bands with a spatial resolution
of 500 m. The Normalized Difference Vegetation Index (NDVI – Eq. 1), Enhanced Vegetation Index (EVI
– Eq. 2) and Land Surface Water Index (LSWI – Eq. 3) were calculated using the blue band (ρblue), red band
(ρred), near infrared band (ρnir) and shortwave infrared (ρswir) (Huete et al. 1997, Xiao et al. 2004).
NDVI =
EVI = 2.5

ρnir − ρred
ρnir + ρred

(1)

ρnir − ρred
ρnir + 6ρblue − 7.5ρred + 1

(2)

ρnir − ρswir
ρnir + ρswir

(3)

LSWI = 2.5
Vegetation indexes by Landsat 5 TM

The reflectance generated by the Thematic Mapper - Landsat 5 TM for Patch 226 and Row 68 on dates
of the Table I were obtained from the database of the Earth Explorer US Geological Survey - USGS [http://
earthexplorer.usgs.gov/]. The reflectance downloaded from the USGS was composed of seven spectral bands
with spatial resolution of 30 x 30 m. The reflectance of the surface is generated from specialized software
Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS), which was developed by the
National Aeronautics and Space Administration (NASA) in which performs LEPADS atmospheric corrections
for each band imaging (http://daac.ornl.gov/MODELS/guides/LEDAPS.html). The pixels with low quality
assurance (QA) metrics were not considered.
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TABLE I
Date, day of the year (DOY), UTM time, local time, square of the earth-sun
distance (dr), solar elevation angle (E) of the Landsat 5 TM images and the
air temperature (T - °C) and relatively humidity (RH - %) and photosynthetic
active radiation (PAR – W m -2) during the Landsat 5 TM overpass in the
Amazon-Cerrado transitional forest from July 2005 to June 2008.
Date
10/07/2005
26/07/2005
27/08/2005
28/09/2005
26/05/2006
27/06/2006
29/07/2006
14/08/2006
30/08/2006
15/09/2006
18/11/2006
20/12/2006
10/03/2007
26/03/2007
13/05/2007
14/06/2007
30/06/2007
16/07/2007
01/08/2007
17/08/2007
02/09/2007
18/09/2007

DOY
191
207
239
271
146
178
210
226
242
258
322
354
69
85
133
165
181
197
213
229
245
261

UTM Time
13:32:06
13:32:17
13:32:31
13:32:32
13:36:40
13:37:12
13:37:37
13:37:49
13:38:01
13:38:14
13:38:53
13:39:08
13:39:22
13:39:20
13:38:59
13:38:28
13:38:11
13:38:04
13:37:56
13:37:45
13:37:37
13:37:29

Local Time
09:32:06
09:32:17
09:32:31
09:32:32
09:36:40
09:37:12
09:37:37
09:37:49
09:38:01
09:38:14
09:38:53
09:39:08
09:39:22
09:39:20
09:38:59
09:38:28
09:38:11
09:38:04
09:37:56
09:37:45
09:37:37
09:37:29

dr
0.9674
0.9699
0.9814
0.9984
0.9733
0.9671
0.9706
0.9758
0.9828
0.9912
1.0244
1.0324
1.0123
1.0035
0.9783
0.9685
0.9670
0.9680
0.9714
0.9770
0.9843
0.9928

E
43.56
45.23
51.93
59.89
46.53
44.01
46.62
49.80
53.81
58.09
60.07
60.12
57.46
56.41
48.96
44.74
44.21
45.02
47.18
50.47
54.51
58.67

T
24.7
24.6
26.6
27.6
24.4
23.4
25.1
25.3
25.8
26.9
27.0
24.3
24.7
26.1
24.6
26.0
23.7
23.6
23.3
22.8
25.2
25.1

RH
60.9
58.2
64.9
65.9
70.1
65.8
65.6
50.2
59.5
63.3
63.4
70.1
69.7
70.3
63.4
63.6
61.9
58.1
49.2
37.6
57.6
73.6

PAR
483.4
503.9
377.8
494.2
391.7
527.6
557.2
567.7
511.0
452.4
718.0
471.2
373.7
403.2
445.0
546.8
532.4
505.5
525.1
628.7
466.0
351.4

The Landsat 5 TM Normalized Difference Vegetation Index (NDVI) was calculated by the Eq. (4).
NDVI =

ρλ4 − ρλ3
ρλ3 + ρλ4

(4)

where ρλ3 and ρλ4 are the band 3 and 4 from Landsat 5 TM, respectively.
The equation of Landsat 5 TM Enhanced Vegetation Index (EVI) determined empirically by Jensen
(2009) contains an adjustment factor for soil (L) and two coefficients (C1 and C2), assuming 1.0, 6.0 and
7.5 as their values. The equation adjusted by Jensen (2009) was determined to non-atmospheric corrected
Landsat 5 TM images. Therefore, the blue band in the Jensen (2009) EVI equation is used to correct the red
band and the atmospheric scattering (Jensen 2009). Since we obtained atmospheric corrected Landsat 5 TM
images from USGS website, we decide to use the equation proposed by Jiang et al. (2008) (Eq. 5), which
features similar to traditional EVI index and has better sensitivity in areas with high biomass. Besides, the EVI
proposed by Jiang et al. (2008) do not use the blue band (band 1), which presents distortions resulting from
atmospheric scattering (Jiang et al. 2008).
EVI = 2.5 ×

ρλ4 − ρλ3
(ρλ4 + 2.4 × ρλ3 + 1)

(5)
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The Landsat 5 TM Land Surface Water Index (LSWI) was calculated by Eq. (6).
LSWI =

ρλ4 − ρλ5
ρλ4 + ρλ5

(6)

where ρλ4 and ρλ5 are the band 4 and 5 from Landsat 5 TM, respectively.
MODIS 8-day Gross Primary Production product (GPPMODIS)
The Gross Primary Production product - GPPMODIS (MOD17A2) is designed to provide a regular measure
of the growth of terrestrial vegetation based on the light use efficiency concept (LUE), and using daily
MODIS land cover, FPAR/LAI. The product is computed using the Eq. (7).
GPP = εmax ∙m(Tmin) ∙ m(VPD) ∙ FPAR ∙ SWrad ∙ 0.45

(7)

where εmax is the maximum LUE obtained from the lookup table based on the type of vegetation, m(Tmin)
and m(VPD) are scales to reduce εmax under unfavorable conditions of low temperature and high deficit
vapor pressure, FPAR is the fraction of photosynthetic active radiation absorbed by vegetation and SWrad
is the shortwave radiation.
GROSS PRIMARY PRODUCTION MEASURED BY EDDY COVARIANCE METHOD (GPPEC)

The eddy covariance method is more appropriate for the study of physical phenomena in forests because the
carbon exchange occurs turbulently (da Rocha 2009, Vourlitis et al. 2011). The infrared gas analyzer was
installed downwind of approximately 5 cm of sonic anemometer to minimize the effect of the separation
of sensors and an inclination of 20° to prevent accumulation of water. The sensors were oriented in the
prevailing wind direction to minimize distortions. The predominant wind direction was southwest and
southeast. The average CO2 flux was calculated by the covariance of vertical wind speed fluctuations and
CO2 concentration. The CO2 flux was estimated and corrected by the simultaneous oscillation of heat (Webb
et al. 1980). Every hour the net ecosystem exchange (NEE) was calculated as the sum of CO2 flow and the
carbon storage in the canopy. The carbon storage in the canopy was determined by quantifying the rate of
variation of this carbon dioxide in the air column between the ground surface and the sensors (Vourlitis et al.
2011). Samples were taken at 1, 4, 12, 20 and 28 m above the ground level using a diaphragm pump and the
solenoid switching system, and the profile vertical CO2 concentration. Gross Primary Production measured
by eddy covariance (GPPEC – gC m-2 day-1) was calculated by Eq. (8).
GPP = NEE + R

(8)

where NEE is the net ecosystem exchange (gC m-2 day-1) and R is the ecosystem respiration (gC m-2 day-1)
(Wohlfahrt et al. 2005). The GPP and R were estimated every half hour and integrated for each day. The
R for every half hour was estimated as the average of NEE during the first four hours of the day (0-4 h),
assuming zero CO2 assimilation during this period. After obtaining the value of R, the GPP was estimated
as the sum of R and NEE every half hour (Vourlitis et al. 2011, Souza et al. 2014).
GPP ESTIMATED BY VEGETATION PHOTOSYNTHESIS MODEL (VPM)

The GPP estimated by the Vegetation Photosynthesis Model (VPM) (Eq. 9) is a function of photosynthetic
active radiation PAR (mol m-2 s-1), light use efficiency εg (gC molPAR-1) and the fraction of absorbed PAR
by chlorophyll in the vegetation canopy (FPARchl) (Xiao et al. 2004).
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GPP = εg ∙ FPARchl ∙ PAR

(9)

The FPAR and consequently GPP were calculated using the EVI (FPAREVI) and NDVI (FPARNDVI)
calculated from Landsat 5 TM and MODIS reflectance. The FPAREVI (Eq. 10) was calculated as linear
function of EVI and the coefficient α was set to 1.0 (Xiao et al. 2004, 2005, Wang et al. 2010), and the
FPARNDVI was calculated by Eq. (11) as a linear relation with NDVI (Hatfield et al. 1984, Asrar et al. 1992)
FPAREVI = α · EVI

(10)

FPARNDVI = − 0.168 + 1.24 × NDVI

(11)

The light use efficiency εg is difficult to determine on a global scale (Wu et al. 2010), and varies from spatially
and temporal and depends on factors such as temperature and soil water content. The εg was calculated by Eq. (12).
εg = ε0 ∙ Tesc ∙ Wesc ∙ Pesc

(12)

where ε0 is the maximum light use efficiency (gC molPAR-1) and Tesc (Eq. 13), and Wesc (Eq. 14) and
Pesc (Eq. 15) are scalars regulator, ranging between 0 and 1 for the effects of temperature, soil water content
water, and foliage phenology.
(T − Tmin)(T − Tmax)
Tesc =
(13)
[(T − Tmin)(T − Tmax)] − (T − Topt)2
Wesc =
Pesc =

1 + LSWI
1+ LSWImax

(14)

1 + LSWI
2

(15)

where T, Tmin, Tmax and Topt are the daily average air temperature and the minimum, maximum and optimum air
temperature to the photosynthetic activity, which we set to 2°C, 40°C e 35.1°C (Souza et al. 2014), respectively.
If the air temperature is lower than Tmin and higher than Tmax, Tesc is zero. LSWI is the MODIS and Landsat 5
TM Lands Surface Water Index and LSWImax is the maximum LSWI during the vegetation grown period.
Semi-deciduous trees in the tropical zone have a green cover throughout the year, because the foliage
is retained for several growing seasons. Cups of semi-deciduous forests are therefore composed of green
leaves of various ages. For this study, we admit the assumption Pesc set to 1, similar to that used for the
evergreen broadleaf forest (Xiao et al. 2005). The ε0 was estimated using a non-linear hyperbolic function
proposed to Michaelis-Menten (Eq. 16).
NEE =

ε0.PAR.GPPmax
− Re
ε0.PAR + GPPmax

(16)

where NEE is daily net ecosystem exchange measured by eddy covariance (gC m-2 day-1), PAR is the
photosynthetic active radiation (mol m-2 day-1) measured in the flux tower, GPPmax is the maximum daily
GPP measured in the flux tower by eddy covariance (gC m-2 day-1) and Re is the daily ecosystem respiration
measured by eddy covariance (gC m-2 day-1). The ε0 was estimated monthly according to Souza et al. 2014.
STATISTICAL ANALYSIS

EVI, NDVI and LSWI values calculated from MODIS reflectance were averaged for the nine pixels cove
ring and surrounding the flux tower, and only pixels with highest quality assurance (QA) metrics were used.
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Varying sensor viewing geometry, cloud presence, aerosols and bidirectional reflectance can limit the efficacy
of reflectance data for assessing spatial-temporal dynamics in biophysical processes (Hird and McDermid
2009), and signal extraction techniques are often needed to improve the signal-noise ratio (Hermance et al.
2007). Thus, we applied Singular Spectrum Analysis (SSA) using the CatMV software (Golyandina and
Osipova 2007), which has been shown to be effective for the filtered reconstruction of short, irregularly
spaced, and noisy time series and improving the signal-noise ratio of the MODIS EVI, NDVI and LSWI
(Ghil et al. 2002).
Willmott’s index “d” (Eq. 17), the root mean square error “RMSE” (Eq. 18), the mean absolute error
“MAE” (Eq. 19) and the Pearson correlation were used to evaluate the performance of the GPP estimated
by VPM using EVI and NDVI from MODIS and Landsat 5 TM and the MOD17A2 GPP MODIS Product.
d = 1−

∑(Pi − Oi)2
∑(|Pi − O| + | Oi − O|)2
∑(Pi − Oi)2
n

(18)

∑ |P −n O |

(19)

RMSE =�
MAE =

(17)

i

i

where Pi is the estimated value, Oi the value observed, O the average of observed values and n is the
number of observations. Willmott’s statistic relates the performance of an estimation procedure based on the
distance between estimated and observed values, with values ranging from zero (no agreement) to 1 (perfect
agreement). The RMSE indicates how the model fails to estimate the variability in the measurements around
the mean and measures the change in the estimated values around the measured values (Willmott and
Matssura 2005). The lowest threshold of RMSE is 0, which means there is complete agreement between
the model estimates and measurements. The MAE indicates the distance (deviation) mean absolute values
estimated from the values measured. Ideally, the values of the MAE, and the RMSE were close to zero
(Willmott and Matssura 2005).
RESULTS AND DISCUSSION
INTERANNUAL AND SEASONAL PATTERNS OF MICROMETEOROLOGICAL AND VEGETATION INDEXES DATA

Weather conditions varied considerably throughout the experiment and all three annual period had different
pattern: wet and hot during 2006-07, dry and cool during 2007-08 and dry and hot during 2005-06 (Vourlitis
et al. 2011). The interannual rainfall ranged between 1498.5 and 2100.6 mm, with an average of 1754.1 mm
(Table II). The highest annual precipitation occurred during 2006-07 with a maximum in January 2007
(558 mm), and there were several months with no precipitation during the dry season (Fig. 2a).
The photosynthetic active radiation (PAR) had higher annual average in 2006-07 and the higher seasonal
average PAR occur during the dry season of 2005-06 and the lowest during the rainy season of years 200708 (Table II; Fig. 2b). The highest values of PAR in the dry season are associated with lower cloudiness in
this season (da Rocha et al. 2009). The air temperature had higher values in 2005-06 and varied seasonality
during all years (Table II). The maximum air temperature values occurred in September and minimum in July
An Acad Bras Cienc (2015)
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Fig. 2 - Monthly precipitation (a), monthly average (± standard deviation) of photosynthetic active radiation
(PAR) (b), air temperature (c), relative humidity (d) and gross primary production measured by the eddy
covariance (GPPEC) (e) in the Amazon-Cerrado transitional forest from July 2005 to June 2008. The gray vertical
column represents the dry season.
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TABLE II
Annual and seasonal accumulated precipitation (Ppt - mm), mean (± standard deviation) of Photosynthetic
Active Radiation (PAR – molPAR day-1), air temperature (Air temp - °C), relative humidity (RH -%),
Gross Primary Production measured by eddy covariance (GPPEC - gC m-2 day-1), Enhanced Vegetation
Index from MODIS (EVIMODIS), Normalized Difference Vegetation Index from MODIS (NDVIMODIS),
Enhanced Vegetation Index from Landsat 5 TM (EVILandsat), Normalized Difference Vegetation Index from
Landsat 5 TM (NDVILandsat) in the Amazon-Cerrado transitional forest from July 2005 to June 2008.

Ppt
PAR
Air Temp.
RH
GPPec
EVIMODIS
NDVIMODIS
EVILandsat
NDVILandsat

Anual
2005-06
2006-07
2007-08
1498.5
2100.6
1663.1
400.6±22.8 455.5±19.0 354.8±22.8
25.4±0.30 24.7±0.2
24.2±0.2
75.5±7.7
78.5±4.2
75.0±1.9
7.2±0.2
8.1±0.2
8.8±0.2
0.59±0.01 0.58±0.01 0.59±0.01
0.86±0.00 0.86±0.00 0.87±0.00
-------------

2005-06
89.5
479.0±13.2
25.0±0.2
68.1±9.2
6.1±0.3
0.58±0.01
0.86±0.00
0.47±0.01
0.81±0.04

Dry
2006-07
104.0
477.0±11.0
24.3±0.3
68.9±6.2
6.9±0.2
0.57±0.01
0.86±0.00
0.48±0.01
0.82±0.03

Wet
2007-08
2005-06
2006-07
2007-08
49.0
1409.0
2048.6
1638.6
441.6±14.4 395.0±30.0 376.0±24.1 339.0±23.8
24.2±0.3
25.3±0.2
24.8±0.2
24.4±0.2
69.3±2.5
81.5±5.9
83.6±4.5
83.1±1.6
7.9±0.1
8.2±0.2
8.6±0.2
9.3±0.3
0.56±0.01 0.60±0.01 0.60±0.01 0.60±0.01
0.87±0.00 0.86±0.00 0.87±0.00 0.87±0.00
0.48±0.01
--0.57±
--0.81±0.02
--0.85±0.01
---

(Fig. 2c) during the dry season (Table II), when the cold fronts advance from the south to the Amazon Basin
(Machado et al. 2004). The relative humidity varied interannualy and seasonally with maximum values
during wet season (Table II), and positively correlated with precipitation (r = 0.72; p-value < 0.0001).
The maximum relative humidity values occurred in February 2007 and minimum in August 2007 (Fig. 2d).
The GPP measured by eddy covariance (GPPEC) had higher values during 2007-08, 9% higher than
2005-06, which showed a trend to increase during the study period (Table II). The GPPEC varied seasonally
with values 17% higher during the rainy season (Table II), with gradual increase from July to November
and peaks in November and January (Fig. 2e).
Seasonal variations of EVI and NDVI calculated with MODIS and Landsat 5 TM reflectance were consistent
along of the years, with lower values during the dry season (May to September) and higher during the rainy
season. EVI and NDVI increased during the dry-wet season transition (Fig. 3), which is consistent with the
development of new leaves, i.e., increased leaf area index (LAI), and increasing concentrations of nutrients in
leaf that typically occurs when start wet season (Xiao et al. 2005, Biudes et al. 2014a, Asner and Martin 2008).
GPP ESTIMATED WITH MODIS AND LANDSAT 5 TM

The Gross Primary Production estimated by the Vegetation Photosynthesis Model (VPM) using EVIMODIS
(GPPEVI-MODIS) and the NDVIMODIS (GPPNDVI-MODIS), and Gross Primary Production estimated by the
MOD17A2 MODIS product (GPPMOD17A2) increased 37.9%, 32.1% and 12.1%, respectively, from 2005-06 to
2007-08 (Fig. 4, Table II). They were underestimated by 3.5%, 28.2% and 36.4%, respectively, compared to the
Gross Primary Production measured by eddy covariance (GPPEC). The linear regression between the GPPEC and
estimates GPPEVI-MODIS and GPPNDVI-MODIS had a high correlation (rEVI-MODIS = 0.96 and rNDVI-MODIS = 0.93).
The GPPEVI-MODIS had Wilmott Coefficient (d) equal to 0.89, Mean Absolute Error (MAE) equal to 1.25 gC
m-2 day-1 and Root Mean Square Error (RMSE) equal to 1.48 gC m-2 day-1 relative to GPPEC (Fig. 5a), while
GPPNDVI-MODIS had d equal to 0.64, MAE equal to 2.30 gC m-2 day-1 and RSME equal to 2.44 gC m-2 day-1 (Fig.
5b). The correlation and d between GPPMOD17A2 and GPPEC was lower than GPPEVI-MODIS and GPPNDVI-MODIS
(rMOD17A2 = 0.67; d = 0.64), and had higher MAE (2.93 gC m-2 day-1) and RMSE (3.21 gC m-2 day-1) (Fig. 5e).
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Fig. 3 - Monthly average of the Enhanced Vegetation Index (EVI) calculated form Moderate Resolution Imaging
Spectroradiometer (MODIS) (a) and Landsat 5 TM (c) and Normalized Difference Vegetation Index (NDVI)
calculated from MODIS (b) and Landsat 5 TM (d) in the Amazon-Cerrado transitional forest from July 2005 to
June 2008. The gray vertical column represents the dry season.

The Gross Primary Production estimated by the Vegetation Photosynthesis Model (VPM) using
EVILandsat (GPPEVI-Landsat) and the NDVILandsat (GPPNDVI-Landsat) agreed with the Gross Primary Production
measured by eddy covariance (GPPEC) on both phase and magnitude. In general, GPPEVI-Landsat was
underestimated in 21.4%, and GPPNDVI-Landsat was overestimated in 31.1% compared to the GPPEC. The
GPP estimated by Landsat 5 TM reflectance had high correlation (rEVI-Landsat = 0.94 and rNDVI-Landsat = 0.92)
with GPPEC. The GPPEVI-Landsat had d equal to 0.79, MAE equal to 1.75 gC m-2 day-1 and RMSE equal to
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Fig. 4 - Monthly average of Gross Primary Production (gC m-2 day-1) estimated from Vegetation Photosynthesis Model (VPM)
using Enhanced Vegetation Index (EVI) and Normalized Difference Vegetation Index (NDVI) calculated from Moderate Resolution
Imaging Spectroradiometer (MODIS) (a), using EVI and NDVI calculated from Landsat 5 TM (b), estimated by MOD17A2
MODIS GPP Product (c) and measured by eddy covariance (d) in the Amazon-Cerrado transitional forest from July 2005 to June
2008. The gray vertical column represents the dry season.
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Fig. 5 - Relationship between Gross Primary Production (GPP) measured by eddy covariance and estimated from Vegetation
Photosynthesis Model (VPM) using Enhanced Vegetation Index (EVI) (a) and Normalized Difference Vegetation Index (NDVI)
(b) calculated from Moderate Resolution Imaging Spectroradiometer (MODIS), using EVI (c) and NDVI (d) calculated from
Landsat 5 TM, and estimated by MOD17A2 MODIS GPP Product (e) in the Amazon-Cerrado transitional.
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2.02 gC m-2 day-1 (Fig. 5c) and the GPPNDVI-MODIS had d equal to 0.74, MAE equal to 2.41 gC m-2 day-1 and
RSME equal to 3.06 gC m-2 day-1 in relation to GPPEC (Fig. 5d).
The maps of the GPPEVI-Landsat and GPPNDVI-Landsat with 30 m spatial resolution showed an increase in
GPP from 2005-06 to 2007-2008, which was also observed in the histogram of Figures 6 and 8. The increase in
GPP was studied by Vourlitis et al. (2011) and is due to the weather dynamic in the Amazon-Cerrado Transition
Forest. Warm and dry during 2005-06, caused low GPP values, and wet and hot during 2006-07, and dry and
cool during 2007-08 caused high GPP values (Vourlitis et al. 2011, Souza et al. 2014, Biudes et al. 2014b).

Fig. 6 - Histograms of maps of annual average GPP estimated from Vegetation Photosynthesis Model (VPM) using Enhanced
Vegetation Index (EVI) from Landsat 5 TM with 30 m (a, d and g) and 1000 m (b, e and h) of spatial resolution and by MOD17A2
MODIS GPP Product (c, f, i) during 2005-06, 2006-07 and 2007-08, respectively.

The GPP maps estimated by VPM using Landsat 5 TM with 30 m spatial resolution were resampled
to 1000 m in order to compare with the GPP estimated by the MOD17A2 GPP MODIS Product. The
histograms of GPP maps estimated by VPM using Landsat 5 TM with 30 m and 1000 m spatial resolution
relative to the GPP increasing along of the experiment were slightly different. The lower spatial resolution
showed the highest amount of noise and gaps in the distribution of pixels. GPPEVI-Landsat with 30 m of spatial
resolution increased 0,88 gC m2 day-1 (41.5%) and with 1000 m of spatial resolution increased 0,77 gC m2
day-1 (34.8%), while GPPNDVI-Landsat with 30 m of spatial resolution increased 1.37 gC m2 day-1 (48.7%)
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and with 1000 m of spatial resolution increased 1.54 gC m2 day-1 (60.1%) from 2005-06 to 2007-08. Unlike
the GPP estimated from Landsat 5 TM, GPPMOD17A2 decreased 0.52 gC m2 day-1 (12.9%) from along the
experiment (Fig. 7 and 9).

Fig. 7 - Maps of annual average GPP estimated from Vegetation Photosynthesis Model (VPM) using Enhanced Vegetation
Index (EVI) from Landsat 5 TM with 30 m and 1000 m of spatial resolution and by MOD17A2 MODIS GPP Product.

The difference in the GPPEVI and GPPNDVI highlights the limits of each index. NDVI is more sensitive
to the vegetation change and its mathematical formulation is based in the ratio of the difference in infrared
and red reflectance and the sum infrared and red reflectance, while EVI is enhanced the NDVI, because its
mathematical formulation not only uses infrared and red reflectance as well as the surface cover and soil
effects (Jiang et al. 2008). EVI had higher correlation with leaf area index (LAI) than NDVI in the Amazon
Forest and did not show saturation with high LAI (> 4 m2 m-2) (Heute et al. 2006, Xiao et al. 2004).
The high agreement between GPP estimated using MODIS and measured in situ is well documented
(Xiao et al. 2004, 2005, Li et al. 2007, Wang et al. 2010, Wu et al. 2010, Souza et al. 2014, Biudes et al.
2014b). The correlation, concordance and error metrics using Landsat 5 TM indexes were in the same order
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Fig. 8 - Histograms of maps of annual average GPP estimated from Vegetation Photosynthesis Model (VPM) using Normalized
Difference Vegetation Index (NDVI) from Landsat 5 TM with 30 m (a, d and g) and 1000 m (b, e and h) of spatial resolution and
by MOD17A2 MODIS GPP Product (c, f, i) during 2005-06, 2006-07 and 2007-08, respectively.

of magnitude of using MODIS indexes. The higher spatial resolution of surface reflectance provides more
detailed information about the land surface, and hence, a better estimate of GPP (Wang and Liang 2009).
The low capacity of MOD17A2 GPP MODIS Product to estimate the spatial variation of GPP is due to its
concept, which utilizes a similar concept of Vegetation Photosynthesis Model (VPM), but the maximum light
use efficiency is obtained by a look-up-table based of the vegetation classification to calculate the GPP (Sims
et al. 2006). In both model, the light use efficiency is a function of the climate variables and maximum light
use efficiency, and the difference is in the climate input data. The VPM uses local climate data (Wu et al. 2010)
and the MOD17A2 uses data produced by a global circulation model (Schubert et al. 1993).
CONCLUSIONS

The GPP estimated by MODIS and Landsat in the Amazon-Cerrado Transitional Forest between 2005 and
2008 showed similar dynamics both in phase and magnitude. The use of EVI provided higher correlation
and Willmott’s coefficient, and lower errors than NDVI to estimate the GPP of the Amazon-Cerrado
Transitional Forest.
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Fig. 9 - Maps of annual average GPP estimated from Vegetation Photosynthesis Model (VPM) using Normalized
Difference Vegetation Index (NDVI) from Landsat 5 TM with 30 m and 1000 m of spatial resolution and by MOD17A2
MODIS GPP Product.

Our results highlight the opportunity to use both MODIS and Landsat 5 TM imagery to estimate the
GPP in regional scale. The application of Landsat 5 TM provides better spatial resolution on regional
GPP with more detailed spatial distribution, while MODIS can provide more GPP estimates due to its
higher temporal resolution.
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RESUMO

A aceleração da atividade antropogênica aumentou a concentração de carbono na atmosfera, o que causa mudanças
no clima regional. A produção primária bruta (GPP) é uma variável importante nos estudos do ciclo global de
carbono, uma vez que define a taxa de extração de carbono da atmosfera pelos ecossistemas terrestres. O objetivo
deste estudo foi estimar a GPP da Floresta de Transição Amazônia-Cerrado pelo modelo de fotossíntese da vegetação
(VPM) utilizando dados meteorológicos locais e dados de sensoriamento remoto das refletâncias do MODIS e
Landsat 5 TM entre 2005 e 2008. A GPP foi estimada pelo índice de Vegetação da Diferença Normalizada (NDVI)
e pelo Índice de Vegetação Aprimorada (EVI) calculados com as imagens do MODIS e Landsat 5 TM. As GPP
estimadas foram comparadas com medições em uma torre de fluxo de covariância de vórtices turbulentos. A GPP
medida na torre foi consistente com os valores mais elevados durante a estação chuvosa e houve uma tendência de
aumentar entre 2005 e 2008. A GPP estimada pelo VPM mostrou a mesma tendência de aumento observada nas
GPP medidas e apresentou alta correlação e coeficiente de Willmott e baixas métricas de erro em comparação à GPP
medida. Estes resultados indicaram alto potencial das imagens Landsat 5 TM para estimar a GPP da Floresta de
Transição Amazônia-Cerrado pelo VPM.
Palavras-chave: Bacia Amazônica, Cerrado, ciclo do carbono, mudança climática, desmatamento, função do ecossistema.
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