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Abstract Forest canopies have an important influence
on the global climate balance. Through the analysis of
the temperature of the canopy, it is possible to infer
about the physiological aspects of the plants, helping
to understand the behavior of the vegetation and, con-
sequently, in the environmental monitoring and man-
agement of green areas. This study aims to validate the
MOD11A2 V006 product from canopy surface temper-
ature data obtained by an infrared radiation sensor. For

the validation of the MOD11A2 product, a comparative
analysis was performed between the land surface tem-
perature (LST) data, obtained by the MODIS sensor,
and the canopy temperature data, obtained by the SI-111
infrared radiation sensor coupled to the Itatiaia National
Park (PNI) micrometeorological tower. Meteorological
variables and land surface temperature collected from
January to December 2018 in the PNI were also ana-
lyzed. The results reveal that the MOD11A2 product
overestimates the canopy temperature in the daytime
(MB ranging from 1.56 to 3.57 °C) and underestimates
in the night time (MB ranging from − 0.18 to − 4.22 °C).
During daytime, the months corresponding to the dry
season presented a very high correlation (r = 0.74 and
0.86) and the highest values for the Willmott index (d =
0.70 and 0.64). At nighttime, the MOD11A2 product
did not present a good performance for the LST estima-
tion, especially in the rainy season. Therefore, we ob-
served that the MOD11A2 product has limitations to
estimate the land surface temperature and that possible
changes in the algorithm of this product can be per-
formed for high atmospheric humidity conditions.

Keywords Environmental satellite . Biophysical
parameters . Conservation unit . Digital sensors

Introduction

Forest canopies are responsible for a significant portion
of the gas and water vapor exchanges that occur in the
atmosphere and on the land surface (Dixon et al. 1994),
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having an important influence on the balance of the
global climate. The canopy temperature is characterized
as the result of the energy balance of the canopy, driven
by climate conditions, canopy architecture, and plant
transpiration (Song et al. 2017). It is closely linked to
physiological processes such as respiration, evapotrans-
piration (Çamoğlu 2013; Colaizzi et al. 2017), CO2
assimilation (Gray et al. 2016; Kim et al. 2016), and
photosynthesis (Helliker et al. 2018).

Canopy temperature measurements represent a useful
approach for the interpretation and integration of bio-
chemical, physiological, hydrological, and biogeochem-
ical processes in forests (Kim et al. 2016). Orbital land
surface temperature (LST) data are used to measure
canopy temperature in agriculture (Heft-Neal et al.
2017) and forest (Gomis-Cebolla et al. 2018) ecosys-
tems. Thermal infrared remote sensing provides a single
method for acquiring surface temperature information at
regional and global scales (Li et al. 2014) and is an
important tool for the spatial and temporal understand-
ing of this variable.

One of the main instruments used for obtaining sur-
face temperature is the MODIS sensor (Moderate Res-
olution Imaging Spectroradiometer), developed by
NASA (National Aeronautics and Space Administra-
tion). MODIS sensor LST products (MOD11) (Wan
2006) cover the day and night times and are used in
several scientific fields.

However, orbital surface temperature data is not
widely used by weather operational centers (Li et al.
2014). This can be explained by the fact that thermal
infrared remote sensing measurements require atmo-
spheric and surface emissivity corrections, which are
usually associated with high uncertainties (Hulley
et al. 2012), besides factors such as the spatial hetero-
geneity of the land surface, which makes data recovery
and interpretation difficult (Guillevic et al. 2012). Thus,
the validation of these products is an essential step in
establishing their applicability and accuracy and can be
performed through comparison with in situ measure-
ments obtained, for example, by infrared radiation
sensors.

Sensors sensitive to infrared wavelength radiation are
ideal for measuring surface temperature in applications
requiring extreme accuracy and no target interference
due to their long wavelength (APOGEE 2018), used in
several works to validate temperature data from the land
surface obtained by remote sensing. Li et al. (2014)
validated LST data obtained by the MODIS sensor

through comparisons with measurements performed in
the field by infrared radiometer for an arid area in
Northwest China. The results showed that the MODIS
sensor data underestimate LST in the studied area. The
same result was obtained by Pérez-díaz et al. (2017) for
the snow-covered surface in Caribou, USA. For forest-
covered areas in the Peruvian Amazon, it was observed
that LST data were overestimated by the MODIS sensor
(Gomis-Cebolla et al. 2018).

The biome studied is an area of high biodiversity
and one of the most threatened on the planet; in the
Atlantic Forest area, no studies have yet been carried
out to validate orbital LST data; i.e., there is still no
specific information on the applicability of the
MODIS product of land surface temperature for this
region. As this is a highly threatened area of relevant
interest for scientific research, and for knowing the
difficulties encountered in field expeditions for data
collection, the validation of orbital LST data is nec-
essary, thus ensuring its use and hence helping in
the understanding of the ecological processes that
occur in these locations quickly, without requiring
excessive expenditure and without negatively
impacting the local fauna and flora.

However, many questions still need to be an-
swered: (i) Were the infrared radiation sensors
installed in the Itatiaia National Park able to vali-
date the MOD11A2 V006 product data? (ii) What
is the difference between the validations during
night and day? (iii) Were the data influenced by
time series, seasonality, and land cover? To answer
these questions, this study validated the land sur-
face temperature data of the product MOD11A2
V006 from canopy surface temperature data obtain-
ed from an infrared radiation sensor installed in an
area of the Atlantic Forest in the Itatiaia National
Park, Brazil.

Material and methods

Characterization of the study area

The study was carried out at Itatiaia National Park
(PNI), the first full protection conservation unit
(CU) in Brazil, constituted on June 14, 1937. The
PNI is located in Serra da Mantiqueira, covering the
municipalities of Bocaina de Minas and Itamonte, in
the s ta te of Minas Gera i s (MG), and the
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municipalities of Itatiaia and Resende, in the state of
Rio de Janeiro (RJ) (Barreto et al. 2013) (Fig. 1). It
comprises an area of 28,086.00 ha, with mountain-
ous relief with large rocky outcrops and altitudes
varying from approximately 540.00 to 2791.55 m
at its highest point, Pico das Agulhas Negras, the
fifth highest in the country (Barreto et al. 2013).

According to the new Köppen classification for Bra-
zil (Alvares et al. 2013), the park has five climatic
domains, which are humid tropical without dry season
with hot summer (Cfa); humid tropical without dry
season with temperate summer (Cfb); humid tropical
with dry winter and hot summer (Cwa); humid tropical
with dry winter and temperate summer (Cwb); and
humid tropical with dry winter and short and cool sum-
mer (Cwc).

The average annual rainfall is 215.00 mm and 149.00
mm, in the stations Agulhas Negras and Parque Itatiaia,
respectively. Rains are scarcer from the end of April to

October, with the minimum rainfall occurring in June
and August with averages below 50.0 mm. In the
months of June and July, the relative humidity does
not exceed the average of 70.0%. The maximum abso-
lute humidity occurs in December with 83.0%, and the
minimum in June with 62.0% and the average is 75.2%
(Barreto et al. 2013).

The PNI is entirely inserted in the Atlantic Forest
biome covering plant formations of the dense
ombrophilous forest, delimited by the sub-montane
(from 100.00 to 600.00 m), montane (from 600.00 to
2000.00 m), and high montane (above 2000.00 m)
(IBGE 2012) altimetry ranges. According to Delgado
et al. (2018) considering a 3-km buffer, besides the
forest areas, in the park, there are 5 other land use and
occupation differentiations, classified from IKONOS
high-resolution images (1 m—panchromatic and 4
m—multispectral) from July 2011 (Hiparc 2011) (Fig.
1 and Table 1).

Fig. 1 Geographic location of the study area, Köppen climate
domain, and land use and occupation. (A) Rocky outcrop, (B)
agriculture, (C) urban area, (D) altitude fields, (E) planting areas,

(F) dense ombrophilous high montane forest, (G) dense
ombrophilous montane forest, and (H) dense ombrophilous sub-
montane forest
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Database

MODIS product

Daytime and nighttime land surface temperature data
from the product MOD11A2 V006 (Wan 2013) pro-
duced and made available by NASA were used
(https://search.earthdata.nasa.gov/). The MOD11A2
product is formed from the average of all LST
observations in a clear sky condition of the MOD11A1
product over 8 days, and it was chosen by providing
images with fewer invalid pixels due to cloud
contamination. It has a spatial resolution of 1 × 1 km,
in a tile of 1200 × 1200 km. The period analyzed was
from January 1 to December 31, 2018, and 92 images
from MOD11A2 product were used, tile h13v11.

The files are available in Raster in HDF format and
sinusoidal projection. To acquire the images from the
NASA servers and convert the cartographic projection
to UTM WGS 84 and file format to .GeoTIFF, the
MODIStsp package was used (Busetto and Ranghetti
2016) in the R software. Additionally, using the ArcGis
10.5 software, the files were converted to biophysical
values (through multiplication by the scale factor 0.02)
in degrees Celsius.

Some images had no value pixels because of cloud
contamination. To fill these gaps, the interpolation by
ordinary Krigagem was used. For this procedure, all the
original images were cut, resulting in images of 245 ×
137 pixels, with the Itatiaia National Park area in the
center. For these images, the exponential (Eq. 2), spher-
ical (Eq. 3), and Gaussian (Eq. 4) theoretical models were
adjusted and tested, and the spatial dependency degree
(SDD) (Eq. 5) was verified using the methodology

proposed by Cambardella et al. (1994), where SDD with
values ≤ 25% data have strong spatial dependence; SDD
between 25 and 75% showmoderate spatial dependence;
SDD ≥ 75% have weak spatial dependence; and in SDD
equal to 100%, the variable is spatially independent.

bγ hð Þ ¼ C0 þ C 1−e −h
að Þh i

ð1Þ

bγ hð Þ ¼ C0 þ C 1:5
h
a
−0:5

h
að Þ3

� �
if : h < a

bγ hð Þ ¼ C0 þ C if : h≥a
ð2Þ

bγ hð Þ ¼ C0 þ C 1−e
h
að Þ2

h i
ð3Þ

SD ¼ C0

C0 þ C
� 100 ð4Þ

wherein bγ hð Þ = semi variance; C0 = nugget effect; C0 +
C = threshold; C = contribution; a = reach; and h =
distance.

After checking the SDD, the exponential model was
used, since it had the lowest values among the models
tested; i.e., the data presented the greatest spatial depen-
dence (Fig. 2).

Finally, a grid of 5 × 5 pixels was delimited around
the in situ measurement area (micrometeorological tow-
er) and the mean of the LST values contained in this area
was extracted for further validation (Fig. 3). The night
images corresponding to astronomical days 009, 049,
057, and 353 were excluded from the analysis because

Table 1 Land use and land cover
classes, abbreviation, and cover-
age area

Land use and land cover Abbreviation Area (km2) %

Rocky outcrop A 11.23 2.0

Agriculture B 125.15 22.4

Urban area C 2.97 0.5

Altitude fields D 51.49 9.2

Planting areas E 0.56 0.1

Dense ombrophilous high montane forest F 208.64 37.4

Dense ombrophilous montane forest G 154.86 27.8

Dense ombrophilous sub-montane forest H 3.11 0.6

Total 558.01 100
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of the low number of valid pixels, which impaired the
interpolation of the data.

The data from the product MOD11A2 were also used
to characterize the land surface temperature of Itatiaia
National Park. For this purpose, the monthly average
was calculated using the Raster Calculator tool of the
ArcGis 10.5 software. Later, the LST data by land use
class were extracted using the Zonal Statistics as
Table tool. The plantation areas were excluded from this
analysis because they comprise only 0.56 km2 of the
total area of the PNI, and it is not possible to extract the

LST from it since its total area is smaller than the spatial
resolution of the MOD11A2 product, which is 1 km2.

Canopy temperature

The canopy temperature data were collected by an in-
frared radiation sensor coupled to the micrometeorolog-
ical tower located in the lower part of Itatiaia National
Park. Installed in 2015 and in operation since 2017, the
tower has 30 m height, along which were coupled
sensors used in this one and another research. The tower

Fig. 2 Spatial dependence
degree (GDE) of the a daytime
and b nighttime geostatistical
models
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is inserted in an area predominantly of dense montane
ombrophylous forest, under the geographical coordi-
nates 22° 27′ 10.83″ S and 44° 36′ 28.51″ W (Fig. 4).

The infrared radiation sensor used was the infrared
radiometer model SI-111 fromApogee, installed 27.5 m
high, above the nearest vegetation canopy. The device
determines the temperature of an object remotely in a
passive way by measuring the electromagnetic waves
emitted in the infrared range and has a range of up to 1
km. The SI-111 contains a thermopile, which measures
the surface temperature, and a thermistor, which mea-
sures the temperature of the sensor body. The datalogger
uses an equation to correct the effect of sensor body
temperature on the target temperature. The corrected
readings produce an absolute accuracy of ± 0.2 °C, at
temperatures between − 30 and + 65 °C.

The canopy temperature data were collected on an
hourly scale, from January 1 to December 31, 2018,
totaling 8760 measurements. For the comparison with
the orbital data, the temperatures captured close to the
times of the satellite passage (approximately 10 h and 23
h) were selected and the average of these observations
was performed over an 8-day interval, thus coinciding
with the same period of measurements of the MODIS

sensor. Thus, for each image from the MODIS sensor, a
corresponding canopy temperature value was obtained
collected by the infrared radiation sensor installed in the
micrometeorological tower.

The characterization of this variable was performed
through boxplot produced by the ggplot2 package
(WICKHAM 2016) in the R software. The daytime
(AM) was considered the interval between 06 and 17
h, and the nighttime (PM) between 18 and 05 h. To
indicate the hydric stress of vegetation, the time differ-
ence between canopy temperature and the air tempera-
ture was calculated and presented through a line graph
produced in the software R.

Weather variables

Besides the infrared radiation sensor, the PNI microme-
teorological tower also has 5 other sensors (Fig. 5).
There are two air temperature and relative humidity
measuring sensors model HC2S3 from Campbell Sci-
entific, protected by model 41003 solar radiation shields
from Young, positioned at 2 and 10 m high. A Gill
WindSonic sensor for wind speed and direction mea-
surements was installed at a height of 10m. Two sensors

Fig. 3 Delimited area for extraction of LST values
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model HFP01 from the Hukseflux for measuring the soil
heat flux, one buried in a shaded area and the other in
full sun. All data collected are stored in the CR3000
datalogger from Campbell Scientific.

For this study, we used air temperature (°C), relative
humidity (%), and wind direction (°) and speed (m s−1)
data, collected by sensors coupled to the PNI microme-
teorological tower. The data were made available on an
hourly scale and then converted into daily averages,
separated between day and night periods. The tempera-
ture and air relative humidity were characterized by
boxplot made using the ggplot2 package in the R soft-
ware. For the wind speed and direction data, the free
software WRPLOT VIEW 8.0.2 was used, through
which the wind rose was built.

Orbital data validation

For validating the MOD11A2 product, a comparative
analysis was performed between the land surface tem-
perature data obtained from the MODIS sensor and the
canopy temperature data obtained from the SI-111 in-
frared radiation sensor. For this purpose, a simple linear

regression was applied, using as dependent variable the
LST from the MOD11A2 product and the canopy tem-
perature from the SI-111 sensor as independent variable.
For a better analysis, data were separated by climate
quarters, as follows: January, February, and March
(JFM); April, May, and June (AMJ); July, August, and
September (JAS); and October, November, and Decem-
ber (OND).

The overall regression model is given by

Y ¼ β0 þ β1xþ ε ð5Þ
where Y indicates the dependent variable; β0 is the
angular coefficient; β1 is the linear coefficient; x repre-
sents the independent variable, and ε represents the
error.

To determine the degree of correlation between the
data, the Pearson correlation coefficient (r) was calcu-
lated, as expressed by Eq. 6.

r ¼
ffiffiffiffi
r2

p
ð6Þ

where r2 represents the coefficient of determination
calculated in linear regression.

Fig. 4 Geographic location of the micrometeorological tower
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The correlation coefficient values found were classi-
fied according to Cohen (1988) (Table 2).

The errors associated with the data were evaluated by
calculating the mean bias (MB) (Eq. 7) and the root
mean square error (RMSE) (Eq. 8).

MB ¼ 1

N
∑
n

i¼1
X ei−X oið Þ ð7Þ

RMSE ¼ ð 1
N

∑
n

i¼1
X ei−X oiÞ2
� �1

2 ð8Þ

Finally, the concordance index developed by
Willmott (1981) was calculated, which mathematically
quantifies the data dispersion in relation to the method
considered standard. The Willmott index (d) is
expressed by the following equation:

d ¼ 1−
∑ X ei−X oið Þ2

∑ X ei−X o

������ þ X oi−j X o

���� 	2

2
64

3
75 ð9Þ

where Xei represents the estimated data (product
MOD11A2) and Xoi represents the observed data (can-
opy temperature collected by the SI-111 sensor).

Fig. 5 PNI micrometeorological tower and coupled devices. a Tower. b Infrared radiation sensor. cAir temperature and humidity sensor. d
Wind sensor. e Soil heat flux sensor. f Datalogger

Table 2 Ranking of Pearson’s correlation coefficient values (r)

Correlation coefficient (r) Ranking

0.0 to 0.1 Very low

0.1 to 0.3 Low

0.3 to 0.5 Moderated

0.5 to 0.7 High

0.7 to 0.9 Very high

0.9 to 1.0 Nearly perfect
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Results and discussion

Characterization of variables

Weather variables

The annual average air temperature was 23.23 °C, with
an average of 24.40 °C for the daytime and 22.05 °C for
the nighttime. Considering the monthly average, the
values varied from 21.09 (JUL) to 27.01 °C (DEC) in
the daytime period and from 18.70 (JUL) to 23.98 °C
(OUT) in the nighttime (Fig. 6). The high temperatures
during the day and the low relative humidity of the air
contributed for December to present the biggest temper-
ature difference between the day and night periods (3.34
°C).

It can be observed that the air temperature followed
the climatic seasonality of the region, presenting lower
values in the dry season (April to September) and higher
values in the rainy season (October to March). July had
the lowest temperatures of the year, mainly influenced
by the advance of two cold fronts followed by a strong
mass of cold air, which is associated with the pattern of
high pressure from surface to medium levels which also
favored that this month had the lowest levels of relative
humidity of air in the year analyzed (INFOCLIMA
2020).

These differences are in turn associated with geo-
graphical factors, vegetation, elevation, and ocean prox-
imity, which causes these fluctuations within the state of
Rio de Janeiro to occur (Silva and Dereczynski 2014).

The advance of cold fronts and the location of the
high pressure systems positioned in the southeast region

also influence the temperature values of the PNI. The
entry of cold air masses mainly during the winter influ-
ences the temperature drop mainly during this quarter
(May, June, and July) throughout Brazil (INFOCLIMA
2020).

The air relative humidity showed an annual average
of 88.55%, ranging from 84.62 in July to 91.27% in
October (Fig. 6). In the daytime period, the average
relative humidity was 84.68%, with the lowest average
value observed in September (79.01%) and the highest
in June (88.69%), both in the dry periods.

The air relative humidity showed the highest values
during the nighttime period, with an annual average of
92.43%. Overall, the monthly nighttime average values
were high, ranging from 87.70 in July, dry season, to
94.61% in October, beginning of the rainy season.

Regarding the high mean values of air relative hu-
midity in the PNI in the rainy season, the high relative
humidity, associated with intense solar radiation in this
period, favors greater absorption of carbon by forests. In
a recent study in the PNI evaluating the seasonality of
gross primary production (GPP), the authors found
higher values of GPP mainly in the rainy season
(Delgado et al. 2018).

The high relative humidity found during the rainy
season is due to the phenomenon known as the South
Atlantic convergence zone (ZACAS), which dynami-
cally influences the rains in the southeast region of
Brazil, increasing the cloudiness and relative humidity
of the air during the rainy season (INFOCLIMA 2020).

Regarding wind intensity, the monthly average var-
ied from 0.48 (MAR) to 0.72 m s−1 (NOV) considering
the daytime period. While in the nighttime period, the

Fig. 6 Boxplot of weather variables air temperature and relative humidity
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variation ranged from 0.48 in February to 0.67 m s−1 in
November. The annual average was in the range of 0.6
m s−1 for both periods, classifying its intensity as light
air (intensity 1) by Beaufort scale (WMO 2008). Ana-
lyzing the wind direction, we notice a higher occurrence
in the southeast direction (SE) for the daytime data,
signaling the performance of the sea breeze system.
For the nighttime period, the predominant direction
was northeast (NE), influenced by the mountain-valley
breeze system (Fig. 7).

In a recent study in the Serra do Mar region of the
state of Rio de Janeiro, the authors associated the pre-
dominant speeds and directions with the slopes and
oceanic proximity (Sobral et al. 2018). The wind speed

in the PNI is influenced by its topography and its prox-
imity to the Atlantic Ocean. Besides the topography, the
position of the semi-permanent anticyclone is very ac-
tive at some times of the year mainly in the winter and
spring (INMET 2020), which gradually increases the
wind speed and its predominant direction in the PNI.

Canopy temperature

The canopy temperature, collected by the SI-111 infra-
red radiation sensor, showed an annual average value of
18.42 °C, with an average of 19.74 °C in the daytime
period and 17.10 °C in the nighttime period.

Fig. 7 Wind rose of the
micrometeorological station of
the PNI for the a daytime and b
nighttime periods
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Analyzing the monthly data, the average canopy
temperature varied from 16.29 in August to 23.03 °C
in December for the daytime period, and from 14.06 in
July to 19.70 °C in March for the nighttime period. The
variation throughout the year also followed the season-
ality of the region, presenting lower values during the
dry season and higher values during the rainy season
(Fig. 8).

The maximum canopy temperature recorded in 2018
was 31.83 °C, which occurred at 3:00 pm on December
18. Some researches carried out in tropical forests
showed that the optimal temperature of photosynthesis
occurs between 20 and 36 °C, indicating that when the
leaf temperature values exceed this range, the process of
carbon fixation by the plant starts to decrease (Graham
et al. 2003; Tribusy 2005; Felsemburgh 2009). In the
PNI, the forest canopy temperature remained within the
optimal temperature range for photosynthesis at 30.48%
of the time in the analyzed period.

The lowest recorded canopy temperature was 5.21
°C, which occurred at 07:00 am on July 12th. This date
presented the lowest daily average of the year for this
variable, with 9.10 °C. The highest daily average of the
canopy temperature was 25.09 °C, on December 18.

In Fig. 9, it is possible to observe the variation of the
canopy temperature throughout the day and make a
comparison with the other variables collected by the
PNI micrometeorological tower. The canopy tempera-
ture has an increasing behavior from 6:00 am, reaching
its maximum point at 3:00 pm. The canopy temperature
follows a daytime curve, with temperatures rising due to
increased solar radiation and air temperature. In periods
of higher values of the canopy temperature, the local

condition found was high air temperature and low rela-
tive humidity and wind speed.

The canopy temperature was on average 4.76 °C
below the air temperature. Under normal conditions,
the canopies have a temperature close to the air,
warming significantly under conditions of water restric-
tion (Scherrer et al. 2011). Thus, the average difference
between canopy temperature and air temperature can be
used as an indicator of plant water stress (Dejonge et al.
2015; Duffková 2006; Keener and Kircher 1983). The
negative result shown in Fig. 10 indicates that the po-
tential for hydric stress in the studied area is minimal.

Land surface temperature

Land surface temperature (LST) in the Itatiaia National
Park presented an annual average of 20.26 °C during
daytime and 12.26 °C during nighttime. As shown in
Fig. 11, the highest temperatures occurred in the south-
ern part of the park, corresponding to the lower portion
of the PNI, which shows the altitude effect on the LST
result. Khandan et al. (2018), in a study on maximum
surface temperature in Iran, observed that NDVI (Nor-
malized Difference Vegetation Index) and altitude had
the highest correlations with the observed LST.

May, June, and July were the months with the lowest
mean values of LST in both periods, 17.30 °C, 17.39 °C,
and 17.24 °C during daytime and 10.23 °C, 10.26 °C,
and 10.58 °C during nighttime (Table 3 and Fig. 11).

The highest mean LST was in December, with 23.26
°C in the daytime period, while in the nocturnal period,
the month of March presented the highest mean, with
14.91 °C. The difference between day and night tem-
peratures was more pronounced in November, where
the daytime average was 21.77 °C and the nighttime
average was 10.64 °C. The high data dispersion is
justified by the great heterogeneity of the park’s land-
scape, which has 8 different land use and land cover,
and high altitudinal amplitude.

The LST by land use and coverage was analyzed
considering 7 of the 8 classes identified in the park,
excluding the planting areas from this analysis be-
cause they have a total area smaller than the min-
imum area captured by the sensor (Table 4 and Fig.
12).

The altitude fields and rocky outcrops presented the
lowest LST values, which were respectively 17.74 °C
and 18.12 °C in the daytime period and 9.29 °C and 9.10
°C in the nighttime period. These classes occur at the topFig. 8 Boxplot of monthly canopy temperature
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of the PNI mountains, where temperatures below 0 °C
and frosts are not so rare (Aximoff et al. 2016; Matos
and Rosado 2019).

The highest LST values were observed in the dense
ombrophilous sub-montane forest and urban area clas-
ses. Overall, the surface temperature in urbanized areas

Fig. 9 Hourly variation of micrometeorological variables
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tends to be higher than in natural areas (Han and Xu
2013; Madanian et al. 2018). The surfaces found in
these areas are mostly impermeable, and materials with
this characteristic have a high capacity to store energy
and generate higher temperatures (Moghbel and
Shamsipour 2019). According to Imhoff et al. (2010),
the impermeable surface area is the main responsible for
increased LST in the cities.

The high temperatures found in the dense
ombrophilous sub-montane forest class can be ex-
plained by its geographical location, with the entire area
concentrated in the lower part of the park. The differ-
ences in LSTs of the three forest classes show the
altitude effect on the surface temperature, since the high
montane class, which occurs in areas above 2000 m in
altitude, presented the lowest average between the three
classes in both periods (19.09 °C and 11.47 °C), follow-
ed by the montane class (21.66 °C and 14.18 °C) and
finally the sub-montane class (24.95 °C and 16.21 °C).

Overall, the average values of LST were lower in the
dry season for all classes of land use and land cover in
both periods, although the classes urban area, dense
ombrophilous montane forest, and dense ombrophilous
sub-montane forest present the lowest monthly average
in November during the nighttime.

Orbital data validation

Figure 13 presents the monthly behavior of the observed
(SI-111) and estimated (MOD11A2) canopy tempera-
ture for the year 2018 in the PNI. We observed that in
both periods, the temperature follows the seasonality of

the region, presenting lower values in the dry season
(April to September) and higher values in the rainy
season (October to March). A more atypical behavior
was observed for the LST in November during the
nighttime, where the temperature estimated by the
MO11A2 product presented the lowest average of the
year.

For the daytime period, the estimated LST data were
larger than the data collected by the SI-111 sensor, while
in the nighttime period, the opposite behavior was
found. The mean bias (MB) values (Table 5) confirm
the tendency of the MOD11A2 product to overestimate
the canopy temperature in the daytime period (positive
values ranging from 1.56 to 3.57 °C) and underestimate
in the nighttime period (negative values ranging from −
0.18 to − 4.22 °C). A similar result to that found here
was observed by Gomis-Cebolla et al. (2018), where
daytime surface temperature data from the MODIS sen-
sor overestimated the canopy temperature in a dense
forest area in PeruvianAmazonia, showing anMBvalue
above 3 °C.

The canopy temperature was estimated more accu-
rately in the daytime period, where the highest values of
Pearson’s correlation index and Willmott index were
found (Table 5). The quarters corresponding to the dry
season presented a very high correlation between the
estimated and observed data, whose values were 0.74
for April to June and 0.86 for July to September. This
same period also presented the highest values of the
Willmott index (0.70 and 0.64, respectively).

In the nighttime period, the MOD11A2 product did
not present a good performance for estimating the LST

Fig. 10 Difference between
canopy temperature (Tc) and air
temperature (Tair)
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Fig. 11 Monthly variation of LST a daytime and b nighttime
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of the PNI, mainly in the rainy period, presenting a
negative correlation and low index of agreement in
January to March (− 0.51 and 0.11) and October to
December (− 0.07 and 0.18). However, the lowest value
of RMSE found in this analysis was observed during the
rainy season (1.58 °C in the quarter January to March).
Despite the low value of the error, the results of
Pearson’s correlation and Willmott index point out the
insufficient performance of the LST estimate for this
period. For the dry period, the correlation was very low
for July to September (0.05) and moderate for April to
June (0.43), with Willmott index ranging from 0.46 to
0.51 and RMSE from 2.19 to 2.48 °C, respectively.

The surface temperature dispersion observed by the
SI-111 sensor and estimated by the MOD11A2 product
for the daytime and nighttime periods can be seen in Fig.
14.

Overall, the months corresponding to the rainy sea-
son had a lower performance, in which the worst LST
estimate occurred in October to December in both pe-
riods, where low correlations between observed and
estimated data (0.11 and − 0.07), high RMSE (5.06 °C
and 5.00 °C), and low Willmott index (0.41 and 0.18)
were found.

Through the quality control analysis of the images
used, we observed that the daytime images in the sam-
pled area presented 20.06% more pixels with good
quality compared to the nighttime images. Likewise,
the images from the months corresponding to the dry
period presented 25.57% more pixels with good quality
compared to the images corresponding to the rainy
season (Fig. 15).

Thus, it is possible to affirm that the MOD11A2
product presented a lower efficiency in humid

Table 3 Descriptive statistics of the monthly LST

Period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Daytime Min 15.61 16.77 17.61 14.67 13.41 13.55 12.61 14.20 16.97 17.82 15.43 18.38

Max 29.90 28.71 28.89 26.19 23.90 22.63 22.70 25.45 28.96 28.59 30.99 32.49

Mean 21.37 21.50 21.99 18.88 17.30 17.39 17.24 18.54 21.32 22.58 21.77 23.26

Deviation 2.56 2.40 2.19 2.31 2.00 1.84 1.95 2.07 2.29 2.10 2.92 2.66

CV% 11.98 11.17 9.95 12.23 11.55 10.56 11.31 11.14 10.74 9.31 13.43 11.43

Nighttime Min 9.89 9.56 9.59 6.85 5.52 5.31 5.43 6.49 8.07 8.45 5.83 9.20

Max 21.97 22.23 21.27 17.91 15.43 15.53 16.04 15.82 16.15 17.14 14.76 17.16

Mean 14.77 14.54 14.91 12.04 10.23 10.26 10.58 10.95 11.87 12.93 10.64 13.42

Deviation 2.42 2.71 2.58 2.62 2.26 2.23 2.38 2.27 1.76 1.62 1.69 1.84

CV% 16.38 18.64 17.30 21.76 22.09 21.73 22.50 20.73 14.83 12.53 15.88 13.71

Table 4 Descriptive statistics of LST by class and land use. (A)
Rocky outcrop, (B) agriculture, (C) urban area, (D) high altitude
fields, (E) planting areas, (F) dense ombrophylous high montane

forest, (G) dense ombrophylous montane forest, and (H) dense
ombrophylous sub-montane forest

Period A B C D F G H

Daytime Min 15.08 18.21 20.10 14.93 16.21 18.48 20.56

Max 21.24 24.28 27.59 20.74 21.83 25.13 29.34

Mean 18.12 21.31 23.82 17.74 19.07 21.66 24.95

STD 2.32 2.20 2.73 2.12 2.12 2.44 2.92

CV% 12.78 10.34 11.48 11.95 11.11 11.25 11.71

Nighttime Min 6.74 10.30 11.72 7.10 9.43 11.91 11.93

Max 11.25 15.33 18.11 11.49 13.92 17.14 20.44

Mean 9.10 12.43 14.69 9.29 11.47 14.18 16.21

STD 1.74 1.95 2.17 1.71 1.71 1.88 2.78

CV% 19.15 15.72 14.78 18.42 14.90 13.24 17.17
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atmospheric conditions, where the greater quantity of
good quality pixels directly interfered in the LST esti-
mate. The interference of the amount of atmospheric
water vapor in the LST estimation by remote sensing
was also reported by other authors (Coll et al. 2009; Li
et al. 2014).

It is important to highlight that spatially heteroge-
neous areas are not suitable for validating orbital surface

temperature data, especially those with a spatial resolu-
tion of 1 km or more (Coll et al. 2009). These areas
present great spatial variability of LST, which interferes
with the assessment results. However, it is necessary to
validate these data in different land use and land cover
classes, as in the Atlantic Forest area used here, aiming
at inferring on the applicability of these products in
different environments.

Fig. 12 Land surface temperature by land use and land cover. (A)
Rocky outcrop, (B) agriculture, (C) urban area, (D) high altitude
fields, (E) planting areas, (F) dense ombrophylous high montane

forest, (G) dense ombrophylous montane forest, and (H) dense
ombrophylous sub-montane forest
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Conclusions

The variation in the monthly air temperature and canopy
patterns collected by the instruments coupled to the PNI
micrometeorological tower characterizes well the

distinction between the rainy and dry periods. However,
the air relative humidity is high at all times of the year,
mainly during the night period.

The land surface temperature is higher in the lower
part of the Itatiaia National Park, which highlighted the

Fig. 13 Boxplot of monthly LST
derived from SI-111 sensor and
MOD11A2 product. aDaytime. b
Nighttime

Table 5 Statistical analysis between the canopy temperature collected by the SI-111 sensor and the LST estimated by the MOD11A2
product for the year 2018 in PNI

Period Quarter N r MB (°C) RMSE (°C) d

Daytime JFM 12 0.52 1.74 2.12 0.56

AMJ 11 0.74 1.56 1.90 0.70

JAS 12 0.86 3.18 3.46 0.64

OND 11 0.11 3.67 5.06 0.41

Nighttime JFM 9 − 0.51 − 0.85 1.58 0.11

AMJ 11 0.43 − 1.83 2.48 0.51

JAS 12 0.05 − 0.18 2.19 0.46

OND 10 − 0.07 − 4.22 5.00 0.18

N sample size; r Pearson’s correlation coefficient; MB mean bias; RMSE root mean square error; d Willmott index
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altitude effect on LST values. The lowest LST values in
the PNI are observed in May, June, and July, both
during the day and night.

Among the forms of land use and land occupation
classified in the PNI, the altitude fields and rocky out-
crops have the lowest LST values. The highest values
are observed in areas of dense ombrophilous sub-
montane forest and urban area.

The canopy temperature is overestimated by the
MOD11A2 product in the daytime period and

underestimated in the nighttime period. MOD11A2 pre-
sents a better estimation of the canopy temperature during
the day and months corresponding to the dry season, indi-
cating that this product has limitations to estimate the sur-
face temperature in high humidity atmospheric conditions.

The use of remote sensing to estimate TST in the PNI
can assist in understanding the dynamics of the park’s
vegetation, facilitating the identification of its vulnera-
bilities and decision-making. It can be used, for exam-
ple, to recognize times of the year, areas, and

Fig. 14 Dispersion of day and night data observed by the SI-111 sensor as a function of those estimated by the MOD11A2 product

Fig. 15 Quality of the sample pixels for the a daytime and b nighttime periods
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phytophysiognomies most susceptible to the occurrence
of forest fires. From these orbital data, which are made
available daily and free of charge, environmental mon-
itoring becomes more efficient and assertive, proving to
be an important tool for the management of conserva-
tion units and green areas.

Finally, we highlight that the results presented in this
paper refer to an Atlantic Forest area, with specific land
cover and atmospheric conditions. Therefore, to evaluate
the applicability of the MOD11A2 product in other envi-
ronments, additional studies in sites and atmospheric con-
ditions different from those presented here are necessary.
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