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Remote sensing and climate digital products have become increasingly available in
recent years. Access to these products has favored avariety of Digital Earth studies,
such as the analysis of the impact of global warming over different biomes. The
study of the Amazon forest response to drought has recently received particular
attention from the scientific community due to the occurrence of extreme
droughts and anomalous warming over the last decade. This paper focuses on
the differences observed between surface thermal anomalies obtained from
remote sensing moderate resolution imaging spectroradiometer (MODIS) and
climatic (ERA-Interim) monthly products over the Amazon forest. With a few
exceptions, results show that the spatial pattern of standardized anomalies is
similar for both products. In terms of absolute anomalies, the differences
between the two products show a bias near to zero with a standard deviation of
around 0.2 K, although the differences can be up to 1 K over particular regions
and months. Despite this general agreement, the proper filtering of MODIS
daily values in order to construct a new monthly product showed a dramatic
reduction in the number of reliable pixels during the rainy season, while for the
dry season this reduction is only seen in Northern Amazonia.

Keywords: Thermal anomalies; Amazon forest; MODIS; ERA interim; thermal
Amazonia

1. Introduction

Rainforests play an important role in the water and carbon cycles because they store
rainwater and absorb atmospheric carbon dioxide. Water is partly released back into
the atmosphere through different processes, whereas its capability for absorbing CO2

might be reduced under different environmental conditions. In particular, the Amazon
forests include more than 50% of the world’s tropical forests and store more than 100
billion tons of carbon (Malhi et al. 2006), making them a key component of the global
carbon cycle. In a global warming scenario, monitoring changes in the Amazon rain-
forest is critical to understanding its sensitivity to anomalous high temperatures and its
impact on forest production. This analysis can be performed over any number of vari-
ables, but vegetation/air temperature is one of the key variables linked to plant physi-
ology. For example, some studies found a correlation between a decrease in tropical
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forest productivity and an increase in temperature, thus reducing its capability for
carbon uptake and favoring the accumulation of atmospheric CO2 (e.g. Clark et al.
2003; Doughty and Goulden 2008).

Variations on temperature are also related to the occurrence of such extreme events
as droughts. Indeed, the occurrence of drought events is one major aspect of Amazo-
nian climate change (Malhi et al. 2008). Special attention was paid to Amazonia
because of two major droughts, one in 2005 (Marengo et al. 2008) and the other in
2010 (Lewis et al. 2011), both of which were considered amongst the most severe in
a century over such a short time span. These drought events have been associated
with increased tree mortality and losses in biomass, as well as a temporary shutdown
of the Amazon carbon sink (Phillips et al. 2009; Toomey et al. 2011; Saatchi et al.
2013; Gatti et al. 2014).

Analysis of Land Surface Temperature (LST) anomalies from remote sensing and
climatic data revealed a significant and sustained warming over this last decade,
especially in 2005 and 2010, in the areas where the drought events took place
(Toomey et al. 2011; Jiménez-Muñoz et al. 2013). These thermal anomalies were
related to Sea Surface Temperature anomalies over El Niño and Tropical North/
South Atlantic regions, with each different location and the extent of the thermal
anomaly over the Amazon basin depending on the season and sea region (Jiménez-
Muñoz et al. 2013). Since anomalous high temperatures can be more important
than precipitation deficits in causing the losses of biomass (Galbraith et al. 2010),
the monitoring of LST anomalies can provide valuable information. It is worth men-
tioning that temperatures retrieved from satellite data refer to the so-called ‘skin temp-
erature’, not to be confused with the near-surface air temperature typically measured
by meteorological stations or other in situ stations. Even if the temperature of veg-
etation canopies is close to the ambient air temperature, the temperature of individual
leaves of vegetation can significantly differ from the air temperature (Czajkowski et al.
2000). In fact, the difference between canopy/leaves temperature and air temperature is
an indicator of vegetation stress (Jackson et al. 1981).

However, the use of optical remote sensing (including both Visible and Near-Infra-
red (VNIR) and Thermal Infrared (TIR) spectral ranges) for monitoring changes in
tropical forests does have some important limitations, mainly due to imperfect
cloud masking and atmospheric correction, as well as difficulties that arise when
removing directional effects. The controversy regarding different interpretations of
results extracted from satellite-derived vegetation indices is a clear example of one
of these limitations: anomalous green-up was detected in 2005 during the drought
period by Saleska et al. (2007), while Samanta et al. (2010) concluded that Amazon
forests did not green-up during the same period. Other publications have contributed
to this debate, as reviewed in Jiménez-Muñoz et al. (2013), and two recent publications
(Morton et al. 2014; Hilker et al. 2014) show that the discussion is far from concluded.

Even though thermal remote sensing has some of its own limitations (especially
those arising due to temperature alterations introduced by cloud-contamination),
the controversy raised regarding the analysis of vegetation indices has not been
extended to the analysis of temperature anomalies over the Amazon forest. As far
as we know, this is due to the scarcity of studies working with surface temperature pro-
ducts derived from satellite data over this study area, with the exception of the already
mentioned studies of Toomey et al. (2011) and Jiménez-Muñoz et al. (2013), or the
study of Zhou et al. (2014) over the Congo rainforest, although the temperature

2 J.C. Jiménez-Muñoz et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
V

al
en

ci
a]

 a
t 0

0:
47

 1
0 

Se
pt

em
be

r 
20

15
 

https://www.researchgate.net/publication/7385420_Clark_D_A_Piper_S_C_Keeling_C_D_Clark_D_H_Tropical_rain_forest_tree_growth_and_atmospheric_carbon_dynamics_linked_to_interannual_temperature_variation_during_1984-2000_Proc_Natl_Acad_Sci_USA_100_5852-?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/7385420_Clark_D_A_Piper_S_C_Keeling_C_D_Clark_D_H_Tropical_rain_forest_tree_growth_and_atmospheric_carbon_dynamics_linked_to_interannual_temperature_variation_during_1984-2000_Proc_Natl_Acad_Sci_USA_100_5852-?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/252466669_Are_tropical_forests_near_a_high_temperature_threshold?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/260116591_Drought_sensitivity_of_Amazonian_carbon_balance_revealed_by_atmospheric_measurements?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/45364881_Multiple_mechanisms_of_Amazonian_forest_biomass_losses_in_three_Dynamic_Global_Vegetation_Models_DGVMs_under_climate_change?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/267451545_Vegetation_dynamics_and_rainfall_sensitivity_of_the_Amazon?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/261837934_Widespread_decline_of_Congo_forest_greenness_in_the_past_decade?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/216770948_Amazon_forests_green-up_during_2005_drought?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/233984556_Persistent_effects_of_a_severe_drought_on_Amazonian_forest_canopy?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/233984556_Persistent_effects_of_a_severe_drought_on_Amazonian_forest_canopy?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/5798678_Climate_Change_Deforestation_and_the_Fate_of_the_Amazon?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/49809450_The_2010_Amazon_Drought?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/23896969_Canopy_Temperature_as_a_Crop_Water_Stress_Indicator?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/233987311_Amazon_forest_did_not_green-up_during_the_2005_drought?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/295249624_Estimating_environmental_variables_using_thermal_remote_sensing?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/295249624_Estimating_environmental_variables_using_thermal_remote_sensing?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/260116569_Amazon_forests_maintain_canopy_structure_and_greenness_during_the_dry_season?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/251437203_Remotely_sensed_heat_anomalies_linked_with_Amazonian_forest_biomass_declines?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/251437203_Remotely_sensed_heat_anomalies_linked_with_Amazonian_forest_biomass_declines?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==
https://www.researchgate.net/publication/251437203_Remotely_sensed_heat_anomalies_linked_with_Amazonian_forest_biomass_declines?el=1_x_8&enrichId=rgreq-eda97b21211c898096cd8ac9509f4490-XXX&enrichSource=Y292ZXJQYWdlOzI4MTU1MDIwNjtBUzozNTk3OTYwODA0MzExMDZAMTQ2Mjc5MzQ3ODY1Mg==


product had only an ancillary role in this last case. The objective of this paper is to
analyze the differences between monthly and seasonal thermal anomalies over the
Amazon forest obtained from two independent datasets, namely, satellite (MODIS)
products and climatic or reanalysis (ERA-Interim) products. For the satellite
product, we also show the results obtained from reprocessing monthly values from
daily values, in which outliers attributed to cold (clouds) and hot (fires) spots are
removed from the monthly mean computation.

2. Data and methods

2.1. Satellite data: MODIS monthly LST product (MOD11C3)

Thermal anomalies were calculated from satellite imagery acquired using the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) on board NASA’s Terra plat-
form. Specifically, the monthly LST product MOD11C3 at 0.05° latitude/longitude
Climate Modeling Grid version 5 was used (Wan 2007). This product is available
for the year 2000 to present, and it includes both daytime and nighttime monthly
averages of LST. A mean monthly LST was also obtained after averaging daytime
and nighttime LSTs (only for those pixels with both valid daytime and nighttime temp-
eratures). Version 5 of the MODIS LST product includes new refinements to improve
the quality of previous versions of the product (Wan 2008). These refinements aimed to
improve the spatial coverage of LSTs and the accuracy and stability of the MODIS
LST product, while keeping the cloud-contaminated LSTs to a minimum.

2.2. Refined MODIS monthly LST product: MODrep

Despite the new refinements included in version 5 of the MODIS monthly LST
product, some contaminated values might still be included in the computation of
the monthly values due to failures in the MODIS Cloud Mask (Wan 2008). For this
reason, we also used the daily MODIS LST product MOD11C1 to reprocess the
monthly LST by applying two filters:

(1) the mean monthly value is computed only if at least 50% of the daily values
within a month are valid and

(2) outliers are removed prior to the computation of the monthly mean. For this
purpose, a ±3σ criterion (where σ is the standard deviation) has been adopted.

This reprocessed product is denoted as MODrep, and it is expected to provide a more
reliable monthly LST value. Cloud-contamination is reduced by removing anomalous
cold pixels (LSTi <LSTmean− 3σ), while hot spots due to fire occurrence (LSTi>
LSTmean + 3σ) are also removed.

2.3. Reanalysis data: ECMWF ERA-Interim skin temperature product

The reanalysis data used in this study included monthly means of skin temperatures
extracted from the ERA-Interim project developed by the European Centre for
Medium-Range Weather Forecasts (ECMWF) at 0.75°×0.75° latitude longitude
global spatial resolution (Dee et al. 2011). ERA-Interim skin temperature forms the
interface between the soil and the atmosphere in the Integrated Forecast System,
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the meteorological model and assimilation scheme of the ECMWF used in the ERA-
Interim analysis for assimilating observations. The ERA-Interim skin temperature
product is the temperature used in the derivation of the heat budget between the
atmosphere and the surface, in which a zero heat flux condition is set at the bottom
as a boundary condition (Viterbo and Beljaars 1995). Therefore, satellite data are
not assimilated into the estimation of the skin temperature, since this product is
directly derived from the energy budget of the simulated grid. Several works have
used the ERA-Interim skin temperature because of its consistency in climate analysis
at the global scale (Dessler 2010; Screen and Simmonds 2010; Simmons et al. 2010;
Masters 2012; Jiménez-Muñoz, Sobrino, and Mattar 2013; Fréville et al. 2014;
among others). Moreover, it has been tested using long observational time series in
experiments over different sites, including the Amazonian rainforest in Brazil
(Tsuang et al. 2008). A recent and comprehensive description of land products
included in the ERA-Interim project is provided by Balsamo et al. (2015). On the
whole, however, a dedicated analysis of the performance of ERA-Interim skin temp-
erature over tropical forests, and the Amazon forest in particular, is still missing in the
literature.

Despite the low spatial resolution of ERA-Interim compared to the spatial resol-
ution of the MODIS products, the inclusion of reanalysis data is interesting for two
main reasons: (i) they are available from 1979 to the present, thus extending the
study period of the MODIS data, and (ii) MODIS products are not assimilated into
the ERA-Interim data, so these two datasets are completely independent of each
other and can be intercompared to analyze for consistency between two different
products.

2.4. Thermal anomalies and trends

Surface temperature (LST) values were converted to absolute (abs) and standardized
(std) anomalies (a), expressed as

aabsLST = LST− LSTmean, (1)

astdLST = LST− LSTmean

s
= aabsLST

s
, (2)

where LSTmean is the mean temperature over a reference period (climatological mean)
and σ is the standard deviation of the climatological mean. Standardized anomalies
are considered analogous to the z-score, so they can be easily interpreted in terms
of the probability of a certain value being anomalous. We selected the same reference
period 2001–2013 for MODIS and ERA-Interim in order to intercompare both pro-
ducts under the same conditions.

Thermal anomalies were calculated at different time levels: monthly and seasonal.
In the case of seasonal anomalies, the four seasons January–February–March (JFM),
April–May–June (AMJ), July–August–September (JAS), and October–November–
December (OND) were examined.

Trends in temperature anomalies for the period 2000–2014 were also computed.
For this purpose, a Mann–Kendall analysis (Kendall 1975) was used to identify the
significance of the trend, whereas the Sen method (Sen 1968) was used to estimate
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the slope (warming/cooling rate). These methods are nonparametric and make no
assumptions on distribution of data. As a general rule, only values with a confidence
level of 95% (α= 0.05) are considered statistically significant.

2.5. Ancillary products

Although the main products used in this study refer to the surface temperature, other
ancillary products were used to support the analysis and interpretation of results.

The study area was delimited using the Combined Terra/Aqua yearly Land Cover
product (MCD12C1 version 5.1) available from 2001 to 2012 (Strahler et al. 1999).
For this purpose, we selected Land Cover Type 1 (International Geosphere Biosphere
Programme global vegetation classification scheme) and pixels classified as Evergreen
Broadleaf Forest (EBF). To avoid abrupt changes in LST due to changes in the land
cover (e.g. deforestation), we selected pixels classified as EBF in the last available
product, 2012.

We also used the MODIS Fire product (Giglio et al. 2003) to detect hot spots in
the study area. In particular, we used the MODIS Global Monthly Fire Location
Product (MCD14ML) to identify pixels affected by fires. Since detecting fires
using MODIS over Amazonia should be performed with caution (Schroeder et al.
2008), only locations with a confidence level in fire detection greater than 75%
were selected.

A brief analysis of the impact of smoke plumes in the aerosol content was also per-
formed using the daily MODIS Gridded Atmospheric Product (MOD08D3) available
at a 1°×1° spatial resolution (Hubanks et al. 2008).

3. Results

In this study, we focus more on the analysis of the differences in surface temperature
anomalies obtained from different products than we do on the analysis of the
anomalies themselves. A complete analysis of the anomalies and their relationship
with sea surface anomalies can be found in Jiménez-Muñoz et al. (2013). Due to
the enormous amount of data to be intercompared (monthly and seasonal anomalies
over more than a 10-year period), we will focus primarily on differences observed
during the dry season (JAS) and years 2005 and 2010, when the two severe droughts
took place. Results obtained for other years and seasons are also presented in some
particular cases.

The analysis of the results is organized as follows: first, we present a quality assess-
ment of the official MODIS product over the study area in order to check the number
of valid days within a month depending on the month and/or season. This first analysis
is crucial for assessing the caveats and reliability of the monthly MODIS product over
high cloud-occurrence areas such as tropical forests. We also discuss the possible
impact of fires and smoke plumes over the LST monthly mean. Second, we provide
an intercomparison between surfaces temperatures included in the MODIS and
ERA-Interim reanalysis products (in terms of both anomalies and absolute tempera-
tures) in order to investigate the sources of the differences observed between the two
datasets. Finally, we also provide an intercomparison between surface temperature
anomaly trends (warming/cooling rates) obtained from MODIS and ERA-Interim
products.
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3.1. Quality assessment of MOD11C3 product over the study area

3.1.1. Intercomparison between MOD11C3 and MODrep

As discussed in Section 2.2, we produced a new MODIS monthly LST product
(MODrep) by reprocessing the monthly means from the daily values according to
different filter criteria. It should be noted that quality flags provided in the MOD11
product (Quality Assurance – QA) were not consulted in the preparation of the
MODrep product, so daily LST values were selected independent of data quality.
This criterion was adopted in order to allow the filer criteria explained in Section
2.2 to select the pixels with the best data quality, as well as to remove pixels with
poor data quality. Analysis and discussion of the standard MODIS QA are provided
in the online supplemental material, which is available from the article’s Taylor &
Francis Online page at http://dx.doi.org/10.1080/17538947.2015.1056559.

Figures 1 and 2 show the number of days within one month with valid daytime and
nighttime LST values, respectively. Daytime acquisitions (Figure 1) evidence the low
number of days available for computing the monthly mean during the periods
January–April and October–December, which is in line with the higher probability of
cloudy conditions during the rainy season. In contrast, the period between June and
September, considered to be the dry season, shows a greater number of days with
valid data. Northeastern Amazonia shows slightly different behavior: a high number
of valid days in October and November as well, which may indicate regional variations
in the ‘rainy’ and ‘dry’ seasons. Conclusions are similar for nighttime acquisitions
(Figure 2), but in this case the number of valid days is clearly lower across all months.

Therefore, the use of daytime LST is preferred so as to increase the spatial coverage
over the study area. Moreover, the mean LST computed from the average value
between daytime and nighttime LSTs is also affected, since it incorporates the
missing data in the nighttime acquisitions.

Note that monthly means in theMODrep product are only computedwhen at least
15 days of valid data are available (green and red colors in Figures 1 and 2), so the
spatial coverage of this product is dramatically reduced for the months with a low
number of valid days. This reduction is illustrated in Figure 3, which shows that the
MODrep product is most useful for analysis of the JAS season (or particular
months between May and September). Figure 3 also shows that both products
provide similar spatial patterns of thermal anomalies. This fact is corroborated in
Figure 4, which shows the differences between the two products (MOD11C3 minus
MODrep) for the JAS season months. Bias for the three months is close to zero or
slightly negative (thus MOD11C3 providing lower values than MODrep), with stan-
dard deviations typically below 0.1 K. The coefficient of determination is above 90%.

3.1.2. Effect of fires and smoke plumes

The occurrence of fires during the dry season and severe drought events is a character-
istic particular to the Amazon Basin (e.g. Brando et al. 2014). Therefore, these high
temperature events can lead to alterations in the computation of the monthly mean
temperature, as does aerosol contamination due to smoke plumes. However, smoke
plumes are composed of fine particles as compared to the TIR wavelengths, so
smoke plumes are penetrated by TIR radiation and the scattering is much less critical
than it is in the case of VNIR radiation (Sabins 2000).
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Since pixels with anomalous high temperatures (LST values > LSTmean + 3σ) are
removed in the MODrep product, hot spots are expected to be removed from the
monthly mean calculation. Figure 5 shows an example of hot spots detected by the
MOD14 product, and the outliers removed from the monthly mean temperature cal-
culation in the MODrep product. It can be observed that outliers include almost all
the hot spots included in the MOD14, although the number of outliers is higher
than the number of MOD14 hot spots because it also includes other anomalous
values. Figure 5 also shows the number of valid days when the ±3σ filter is applied,

Figure 1. Number of days with valid data within a given month for daytime LST in the year
2005. The number of days has been obtained from the daily MOD11C1 product.
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and the number of valid days when the hot spots included in the MOD14 product are
also filtered. Only small changes are observed, since most of the hot spots are already
included in the filtered outliers. The difference between the surface temperatures
obtained in these two cases (results not shown) is typically below 0.2 K.

The analysis of the MODIS aerosol product (MOD08) evidenced a widespread
anomalous high aerosol content (AOD> 0.6) during the dry season, mainly in
August and September, and especially in 2005, 2007, and 2010 (results not shown).
Therefore, the application of an aerosol filter dramatically reduces the available
number of valid pixels and the final monthly product is practically useless for the

Figure 2. Same as Figure 1, for nighttime LST.
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analysis of thermal anomalies. This result may be unrealistic since spatial patterns of
standardized anomalies (without the aerosol filter) seem to be realistic (see Section
3.2), which could be explained by the high penetration of the thermal signal
through the smoke plume. In fact, LST algorithms based on the split-window tech-
nique (the MOD11 product is partly based on this algorithm) are less sensitive to
the optical properties of the atmosphere, and radiative transfer simulations in the
TIR region focus mainly on atmospheric absorption due to water vapor, thus neglect-
ing scattering processes due to aerosol content (e.g. Wan and Dozier 1996; Wan and Li
1997).

3.2. Intercomparison between MOD11C3 and ERA-Interim

3.2.1. Surface temperature anomalies

The spatial pattern of standardized anomalies obtained from MOD11C3 and ERA-
Interim products for the JAS season during the period 2000–2014 is presented in
Figures 6 and 7, respectively. For a better intercomparison between the two products,
MOD11C3 spatial resolution (0.05°) was degraded to the ERA-Interim spatial resol-
ution (0.75°). Both products typically provide a similar spatial pattern in terms of stan-
dardized anomalies. A predominant cooling can be observed in the years prior to the
first severe drought of 2005, except for year 2002, which shows almost a neutral
pattern. On the contrary, a nearly sustained warming is observed from years 2005
to 2014, with the year 2013 being an exception.

However, some differences between the two products over particular regions and/
or periods can also be observed. In the case of 2005, the warmed regions are more

Figure 3. Comparison between seasonal standardized anomalies obtained from MOD11C3
and MODrep products in the year 2010.
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enhanced in the ERA-Interim product, with standardized anomalies above +1.5, while
warmed regions in the MOD11C3 show values between +1 and +1.5. Despite the
different values, the locations of the warmed regions are similar. Significant differences
between the two products are observed over western Amazonia in the years 2006,
2009, and 2012. In the years 2006 and 2009, MOD11C3 shows a neutral pattern,
whereas ERA-Interim clearly shows a warming. In the case of 2012, MOD11C3
shows warming and ERA-Interim shows cooling.

Although maps of standardized anomalies are a useful tool for identifying anom-
alous warming or cooling via visual inspection, it is also worth analyzing the differ-
ences in terms of absolute anomalies. Figure 8 shows some basic statistics (bias,
standard deviation, and coefficient of determination) for the difference between
MOD11C3 and ERA-Interim products for different seasons and the period 2000–
2014 (or 2001–2014 in the case of JFM season). In order to compute the difference
between MOD11 (0.05°) and ERA-Interim (0.75°) LST anomalies, MODIS values
were averaged using a kernel of 15×15 pixels. Because of missing data in the
MODIS products, the difference was also computed when at least 75% of the pixels
in the kernel were available. Results show a bias close to zero, with standard deviations

Figure 4. Differences betweenMOD11C3 andMODrep products for the months July, August,
and September, and the period 2000–2014. Maps display bias, standard deviation (StDev), and
coefficient of determination (R2).
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around 0.2 K in most regions. However, enormous differences (∼0.8 K) can also be
observed over particular regions, especially in the OND season. Values of R2

between 50% and 80% are observed in most cases, especially over eastern Amazonia
and the JAS season, with the OND season providing the lowest values of R2. The
highest standard deviation values and the lowest R2 values observed in the western-
most pixels in Peru may be attributed to a ‘border effect’ caused by the coarse
spatial resolution of the ERA-Interim data, which implies that these pixels located
on the border between the Peruvian ‘Cordillera Blanca’ and the Peruvian Amazon
are not really pure EBF pixels.

The differences between the MOD11C3 and ERA-Interim products were also
assessed by analyzing the time series of the absolute anomalies over particular
pixels. As an illustrative example, Figure 9 includes the time series of LST absolute
anomalies for the four seasons and for two arbitrarily selected pixels, one pixel with
a poor correlation between MOD11C3 and ERA-Interim (R2 between 0 and 0.3),
and one pixel with a high correlation between the two products (R2 between 0.6
and 0.8).

Figure 5. (a) Pixels removed from the monthly mean computation in the MODrep product
after application of the 3s filter. (b) Hot spots (fires with a confidence level > 75%) included in
the MOD14 product. (c) Number of valid days to compute the monthly mean in the
MODrep product, and (d) number of valid days after removal of MOD14 hot spots. Results
are presented for the monthly daytime LST in August 2005.
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Figure 6. Standardized thermal anomalies obtained fromMODISMOD11C3 product for the
JAS season and the period 2000–2014. MODIS images were resampled to 0.75°.
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Figure 7. Standardized thermal anomalies obtained from the ERA-Interim skin temperature
product (0.75°) for the JAS season and the period 2000–2014.
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The pixel with a low correlation (left column in Figure 9) is located in the south-
western Amazon, and it evidences significant differences between the two products
over particular years. For example, ERA-Interim provides an anomaly close to zero
in 2004 during the JFM season, whereas the MODIS product provides an anomaly
higher than +1 K. A similar result is observed in the JAS and OND seasons for
year 2006. The differences observed between the two products in the years 2005 and
2010 for the JAS season are particularly remarkable. Results are consistent for the
pixel with a good correlation (right column, Figure 9), located in eastern Amazon,

Figure 8. Differences in surface temperature anomalies between MOD11C3 and ERA-
Interim products for different seasons and the period 2000–2014. Maps display bias, standard
deviation (StDev), and coefficient of determination (R2).
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although a difference between the two products of around 1 K is observed in the year
2010 for the JAS season.

3.2.2. Absolute surface temperatures

Despite our focus on the analysis of thermal anomalies, a brief analysis of the differ-
ences in absolute surface temperatures is valuable for further understanding the
differences observed in the anomalies of the two datasets presented in the previous
section.

Figure 10 illustrates the difference between surface temperatures included in the
MOD11C3 and ERA-Interim products for different seasons. When compared to
Figure 8 (where temperature anomalies are compared), similar standard deviations
and correlations (R2) can be observed. However, the bias (MOD11C3 minus ERA-
Interim) is significantly different, with negative values (up to −1 K) in most cases.

Figure 9. Time series of seasonal LST absolute anomalies since 2000 extracted from
MOD11C3 and ERA-Interim products for two particular pixels: (i) one pixel located in south-
western Amazonia (left column; central coordinates of the pixel −10.25N, −70.25E), with a
poor correlation between the two products, and (ii) one pixel located in eastern Amazonia
(right column; central coordinates of the pixel −4.25N, −53E), with a high correlation
between the two products.
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This bias is partly reduced in the JAS season, with a higher occurrence of cloud-free
days and higher values of temperatures than in other seasons. The comparison
between the climatological means (2001–2013) obtained with the two datasets also
provides a similar bias (results not shown). Since temperature anomalies are obtained
after subtraction of the climatological mean (Equation (1)), the bias is partly offset.
This may explain the lower bias observed in the comparison between temperature
anomalies obtained with the two datasets (Figure 8).

Figure 10. Differences in (absolute) surface temperature between MOD11C3 and ERA-
Interim products for different seasons and the period 2000–2014. Maps display bias, standard
deviation (StDev), and coefficient of determination (R2).
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3.3. Trends in surface temperature anomalies

We finish off the analysis by intercomparing the trends in surface temperature
anomalies computed from the different products. Figure 11 shows the trends in
the JAS season for the period 2000–2014 computed from the ERA-Interim,
MOD11C3 and MODrep surface temperature anomalies products. The most strik-
ing spatial feature is the significant warming observed in the three products over
southeastern Amazonia, with warming rates higher than 1.5°C/decade in most
cases. When the ERA-Interim product is compared to MOD11C3, it is observed
that ERA-Interim does not provide a significant warming rate over eastern Amazo-
nia. MODrep results are consistent with results obtained from the MOD11C3
product, although the spatial coverage is greatly reduced as mentioned in
Section 3.2.

Figure 11. Trends in surface temperature anomalies for the JAS season during the period
2000–2014 using the different LST products. Only pixels with p< .05 are displayed.

Figure 12. Scatter plots of trends in surface temperature anomalies (2000–2014) obtained from
the MOD11C3 product versus (a) the ERA-Interim product and (b) the MODrep product. Bias
and standard deviation are provided when all the data points are considered, as well as when
only trend values significant at p< .05 are considered. Dashed lines represent the linear fit.
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Figure 12 includes the scatter plots of temperature trends obtained using the differ-
ent products. When MOD11C3 is compared to ERA-Interim, a bias of 0.3 ± 0.4°C/
decade is obtained when all the data points are considered. The bias is reduced to
−0.1 ± 0.5°C/decade when only trend values with p < .05 are considered. Results are
improved when MOD11C3 is compared to MODrep, with bias values of 0.1 ± 0.3°C/
decade for all the data points and 0.1 ± 0.2°C/decade for data points with p < .05.

Finally, Figure 13 shows the surface temperature anomalies trends over different
longitudinal transects. Trends provided by ERA-Interim are typically lower than
those provided by MOD11C3, except for the eastern part of the transect at –8N. In
general, longitudinal variations of the trend are smooth, although some asymmetries
are observed for transects located at the lower latitudes (approximately below 4S).

4. Summary and conclusions

Analysis of thermal anomalies over the Amazon forests is a key issue for understanding
the forest response to droughts and potential impact on carbon absorption, especially
after the occurrence of twomajordroughts in a short time span.However, it has received
less attention than the analysis of anomalies of vegetation indices, with several

Figure 13. Intercomparison of trends in surface temperature anomalies (2000–2014) obtained
from ERA-Interim and MOD11C3 products over different longitudinal transects. Values
marked with an asterisk indicate statistical significance at p< .05.
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publications providing different and contradictory results. In order to better understand
the results extracted from surface temperature products over the Amazon forest, we
intercompared thermal anomalies obtained from two independent datasets, such as
remote sensing (MODIS) and reanalysis (ERA-Interim) products. The intercompari-
son of the spatial pattern of standardized anomalies showed that both MODIS and
ERA-Interim products are typically consistent, although some differences were
observed over particular regions and the warmed regions are sometimes enhanced dif-
ferently.Differences in absolute anomalies can be criticalwhen intercompared over par-
ticular pixels and months/seasons, with differences around 1 K, although the bias was
typically maintained around zero with a standard deviation of 0.2 K. Differences in
surface temperature anomalies trends were also observed between the two products,
up to 0.5°C/decade. However, the spatial pattern of the trends in both cases showed a
significant warming during the JAS season over southeastern Amazonia, as presented
in Jiménez-Muñoz et al. (2013). This significantly warmed area mainly affects the phe-
noregions 3, 4, and 24 described in Silva et al. (2013), which includes a forest of low
lands and forest transition between dense, open forest, and savanna.

Using the reprocessing of the daily MODIS LST product as a basis, we also pre-
sented a newmonthly LSTcomputation, where outliers are removed from themean cal-
culation (MODrep).Moreover, themonthly values are only computed if at least 50% of
the values within one month (∼15 days) are available. Because of the cloud contami-
nation during the rainy season (approximately from January to April and from
October to December), in the MODrep product the spatial coverage is dramatically
reduced over nearly the entire Amazon basin. During the dry season (approximately
from May to September), only southern Amazonia provided valid pixels. Some
regions located in northern Amazonia also provided valid pixels for the periods
January–April and October–December due to differences in the occurrence of the
peak in the dry season (Silva et al. 2013). In a preliminary analysis, it was also observed
that the MODrep product removes pixels affected by active fires due to the application
of the outliers removal filter, but this requires further analysis. The effect of the smoke
plumes (anomalous high values of aerosol content) on surface temperature anomalies is
uncertain, since thermal radiation can penetrate the smoke plume and the scattering is
weaker than it is in the case of VNIR. This issue also requires further research. Results
presented in this paper show that remote sensing and climatic products are useful tools
for the analysis of the spatial pattern of standardized anomalies or temperature trends,
but absolute values should be taken with caution because of the differences observed
between the products. Datasets used in this study can be visualized and downloaded
at the Thermal Amazoni@ geoportal available at the following link http://ipl.uv.es/
thamazon/web (Jiménez-Muñoz et al. 2015).
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