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ABSTRACT

The spatiotemporal variability of the greenhouse gas methane (CH4) in the atmosphere over the Amazon is studied
using data from the space-borne measurements of the Atmospheric Infrared Sounder on board NASA’s AQUA satellite for
the period 2003–12. The results show a pronounced variability of this gas over the Amazon Basin lowlands region, where
wetland areas occur. CH4 has a well-defined seasonal behavior, with a progressive increase of its concentration during the dry
season, followed by a decrease during the wet season. Concerning this variability, the present study indicates the important
role of ENSO in modulating the variability of CH4 emissions over the northern Amazon, where this associationseems to be
mostly linked to changes in flooded areas in response to ENSO-related precipitation changes. In this region, a CH4 decrease
(increase) is due to the El Niño-related (La Niña-related) dryness (wetness). On the other hand, an increase (decrease) in
the biomass burning over the southeastern Amazon during very dry (wet) years explains the increase (decrease) in CH4
emissions in this region. The present analysis identifies the two main areas of the Amazon, its northern and southeastern
sectors, with remarkable interannual variations of CH4. This result might be useful for future monitoring of the variations in
the concentration of CH4, the second-most important greenhouse gas, in this area.
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1. Introduction

Methane (CH4) is the most abundant hydrocarbon in the
atmosphere and one of the main greenhouse gases, responsi-
ble for 20% of the warming due to the long-lived greenhouse
gases. After the end of the pre-industrial era, its concentra-
tion first rose globally, then stabilized from 1999 to 2006, and
has since been increasing again (Dlugokencky et al., 1998;
UNFCCC, 2008; Bousquet et al., 2011). Previous studies
have shown low CH4 concentration rates during the 1990s
and 2000s, except in the periods 1997–98 and 2002–03 when
peaks in CH4 emissions occurred (Ciais et al., 2013; WMO,
2013). Several explanations for this low CH4 concentration
have been proposed: (1) a decrease in global emissions re-
lated to fossil fuels (Levin et al., 2012); (2) compensation
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of the increase in anthropogenic emissions by reduced emis-
sions from wetlands (Bousquet et al., 2006; Dlugokencky et
al., 2009; Bousquet et al., 2011; Pison et al., 2013); and (3)
a decrease in emissions due to anthropogenic activities, in
particular in the countries of the former Soviet Union (Simp-
son et al., 2012). According to a report from the Ministry
of Science, Technology and Innovation of Brazil, published
in 2013, on annual estimates of greenhouse gas emissions in
Brazil (MCTI, 2013), the emissions of these gases over the
Amazonian biomass were reduced from 2004 onwards due
to the changes in environmental and resource policies for the
regulation of land and forest use.

According to the WMO (2013), the concentration of CH4

in 2012 was approximately 1819 parts per billion by volume
(ppb), which indicated an increase of 260% compared with
the pre-industrial year of 1750. The variation in the CH4 con-
centration is an important aspect of climate change, because
this gas is part of the atmospheric chemistry of ozone and hy-
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droxyl radicals, and is approximately 25 times more effective
than carbon dioxide in absorbing longwave radiation (IPCC,
2013; Cressot et al., 2014; Tate, 2015). The increase in the
CH4 concentration originates from natural and anthropogenic
(e.g., fossil fuel combustion) sources, mainly over wetlands.
Globally, total emissions are two-thirds due to anthropogenic
processes and one-third due to natural processes, albeit with
uncertainties in terms of the individual contribution of each
source (Kirschke et al., 2013; Cressot et al., 2014). The
seasonal variations of CH4 emissions in the tropics, particu-
larly over Brazil, are modulated by biomass burning, mainly
during the dry season, and by wetlands during the wet sea-
son, where flooded areas favor a high rate of primary emis-
sions and decomposition (Chen and Prinn, 2006; Simpson et
al., 2006; van der Werf et al., 2006; Bousquet et al., 2011;
Kirschke et al., 2013). Natural emissions from wetlands are
the largest single source of CH4, and most of these emissions
originate from the tropics.

During ENSO events, planetary-scale changes in ocean
temperature occur in the tropics, producing anomalies in soil
temperature and precipitation. As a result, ENSO could play
a significant role in determining the interannual variability of
wetland emissions. Hodson et al. (2011) quantified the influ-
ence of interannual variability associated with ENSO on wet-
land CH4 emissions, and showed that global wetland CH4

variability is strongly related to ENSO variability. The re-
sults also showed that the variability in tropical wetland CH4

emissions is due mainly to the variations in flooded areas. So,
variations in precipitation associated with ENSO can explain
the variability of tropical CH4.

Although the main sources and sinks of CH4 are known,
quantification of its emissions contains uncertainties, because
ground-based measurements are quite sparse in several re-
gions of the globe (Walter et al., 2001a). Furthermore, data
obtained from aircraft also have low spatial and temporal res-
olutions due to limitations in measurement procedures. How-
ever, as one of the few trace gases with a spectral signature,
CH4 can be observed from a space-borne sounder. The Atmo-
spheric Infrared Sounder (AIRS) on board the NASA/AQUA
satellite was the first advanced atmospheric infrared sounder
of high spectral resolution. It was tailored to provide infor-
mation on several greenhouse gases and to study the water
and energy cycles (Le Marshall et al., 2006). Several studies
have used the measurements from AIRS to describe spatial
and temporal variabilities in the emissions and transportation
of atmospheric gases (Park et al., 2004; Xiong et al., 2009a;
Zhang et al., 2011; Rajab et al., 2012). AIRS measurements
have been used to show the variability of the CH4 concentra-
tion and its increase over different regions (Xiong et al., 2010;
Zhang et al., 2011; Rajab et al., 2012). The estimated CH4

values have been validated with aircraft and surface measure-
ments (Xiong et al., 2008, 2010: Zhang et al., 2011). A com-
parison betweenin–situ measurements and AIRS-CH4 over
China at different tropospheric levels (200, 300 and 400 hPa)
made by Zhang et al. (2011) showed they have similar sea-
sonal cycles. Nevertheless, Xiong et al. (2009b) showed that
AIRS-CH4 over South Asia is significantly affected by the

vertical transport of CH4 from the boundary layer to the mid-
dle troposphere. Similarly, the strong convective activity over
the Amazon may make it possible to link AIRS-CH4 with
surface emissions. Based on ground-based observational and
remote sensing satellite data, Zhang et al. (2013) analyzed
the precision of different CH4 concentrations remotely sensed
by NASA/AQUA, GOSAT (Greenhouse Gases Observation
Satellite) and SCanning Imaging Absorption spectroMeter
for Atmospheric CHartographY (SCIAMACHY) and the re-
sults showed that the tropospheric CH4 concentration data
from AIRS provided better results of surface observations
over time, as well as its seasonal trends. These results support
the use of the AIRS products to examine the CH4 seasonal
cycle and its variability.

The present analysis examines the spatiotemporal vari-
ability of the CH4 in the atmosphere over the Amazon region
using 10 years of data obtained by the NASA/AQUA satel-
lite. The following section describes the data and methodol-
ogy. Section 3 discusses the climatological and anomalous
features of CH4 and the possible causes of these features.
Conclusions are drawn in section 4.

2. Data and methodology

The eight-day means of the mixing rate of CH4 at three
pressure levels (200, 300 and 400 hPa) obtained from the
NASA/AQUA satellite, V5, were used. These data are avail-
able at a 1◦ ×1◦ resolution (http://mirador. gsfc.nasa.gov/)
for the period 2003–12. The SVD method was used for CH4

retrieval based on the 7.66-µm band with high spectral res-
olution (Susskind et al., 2003; Xiong et al., 2008, 2009a).
Validation byin-situ aircraft observations from 2003 to 2007
showed that the bias of the retrieved CH4 profiles is approxi-
mately−1.4% to 0.1%, and its RMSE is around 0.5%–1.6%
(Xiong et al., 2008, 2010). The uncertainties include er-
rors in atmospheric temperature and water moisture profiles,
surface temperature and emissivity over high-altitude land,
the noise of sensors, and errors in cloud clearing (Xiong et
al., 2009a). However, some of these errors are more pro-
nounced in the Asian monsoon region, where the contrast be-
tween high and low monsoon phases is reflected in relatively
rapid variations of the atmospheric temperature, water mois-
ture and convection. In fact, Xiong et al. (2008) argued that
the increase in moisture imported by the Asian monsoon to
the Tibetan Plateau region pushes the most sensitive region
of AIRS CH4 channels to higher altitudes, which also leads
to some moisture-dependent artifacts in the seasonal varia-
tion of the retrieved CH4. The largest difference in monthly
averaged AIRS CH4 between September and May 2004 at
upper tropospheric layers occurs over the Tibetan Plateau.
In contrast, this difference for the 450–550 hPa layer is ap-
proximately 40 ppb over the Amazon (Xiong et al., 2008,
Fig. 9). Considering that this layer is close to the level used
here, and this difference of approximately 2% of the monthly
value in May and September is larger than the uncertainty of
0.5%–1.6% in the AIRS retrieval, the existence of artifacts
in the seasonal variations of the AIRS retrieval is irrelevant
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for the purposes of the present analysis. The TRMM-based
three-hourly precipitation estimates, V7, available at http://
disc.sci.gsfc.nasa.gov/precipitation/, were also used. For de-
tails on the algorithm used to estimate the TRMM precipita-
tion, see Huffman et al. (2007). These data are gridded at a
0.25◦ ×0.25◦ resolution and were obtained in the area lim-
ited to (5.5◦N–12.5◦S, 47.5◦–75.5◦W), the Amazon region,
for the period 2003–12 period. Eight-day-averaged TRMM
precipitation data were calculated.

In order to examine the seasonal cycle of the CH4 and
precipitation over the Amazon, boxplots of these time series
were produced. Five quantities are shown in a boxplot: the
lower (25%) and upper (75%) quartiles are the lower and up-
per borders of the box; the median (the horizontal segment
inside the box); and the minimum and maximum values (ver-
tical lines extending from the box) (Wilks, 2006). The box-
plot also depicts the outliers. The monthly CH4 and precipi-
tation boxplots provide information on their seasonal charac-
teristics and are useful for exploratory analyses of these vari-
ables. The relationships between the seasonal cycles of the
CH4 and precipitation time series averaged over the Amazon
were examined through linear correlation.

The anomaly time series of CH4 and precipitation were
obtained for each grid point over the Amazon by consider-
ing the means of the period 2003–12. The linear trend for
this period in the time series was removed at each grid point.
The dominant variability mode of CH4 was obtained by sub-
jecting the anomaly time series of this variable to EOF anal-
ysis. The EOF calculations were based on the correlation
matrix. To assess the statistical significance of a correla-
tion coefficient different from zero, the number of degrees of
freedom was estimated as the recorded length divided by the
time interval of two independent realizations, which is thelag
needed to obtain autocorrelation coefficients of the principal
component (PC) time series close to zero. The number of de-
grees of freedom was 45. Using a two-tailed Student’st-test,
it was found that correlations above 0.3 are significantly dif-
ferent from zero correlation at the 95% level of confidence.
So, only correlation values above 0.3 were considered in our
analysis.

The detrended precipitation anomaly time series averaged
over the Amazon was also obtained. The time-frequency
variations of the PC of the first and second EOF mode and the
detrended precipitation anomaly time series over the Amazon
were obtained through wavelet analyses. The relationships
between the variations of CH4 concentration and the precipi-
tation anomaly time series were examined by calculating the
wavelet coherence and phase differences between PC01 and
the precipitation anomaly time series.

The time-frequency analysis was performed using the
Morlet wavelet, a complex exponential wave modulated by
a Gaussian function,eiωoηe−η

2/2, with η = t/s, wheret is the
time, s is the wavelet scale, andω0 is a non-dimensional fre-
quency. Following Torrence and Compo (1998), the wavelet
function at each scales is normalized bys−1/2. This normal-
ization allows comparisons of the wavelet transform among

scaless and among the transform of other time series. The
Global Wavelet Power (GWP) for a given scales is the time
average over all the local wavelet power spectra, and is given
by equation 22 in Torrence and Compo (1998) as:

W
2
(s) =

1
N

N−1∑

n=0

|Wn(s)|2 .

Wn(s) is the wavelet transform of a discrete sequence,n is the
time index ands is the scale. Given two time series,X(t) and
Y(t), with wavelet transformsWX(t, s) andWY(t, s), the cross-
wavelet spectrum is defined asWXY(t, s) =WX(t, s)WY∗(t, s),
where (∗) is the complex conjugate. The squared wavelet co-
herence is defined as the squared modulus of the smoothed
cross-wavelet spectrum, normalized by smoothed wavelet
spectra (Torrence and Webster, 1999):

R2(t, s) =
|〈s−1WXY(t, s)〉|2

〈s−1WX(t, s)〉〈s−1WY(t, s)〉
,

where< > denotes smoothing in both time and scale. The
factors−1 converts the squared wavelet coherency into an en-
ergy density. The wavelet coherency phase difference is given
by

∆Φ(t, s) = tan−1 ℑm{〈s−1WXY(t, s)〉}

ℜe{〈s−1WXY(t, s)〉}
,

where ℑm and ℜe are the imaginary and real parts of
WXY(t, s), respectively (Torrence and Webster, 1999).

3. Results and discussion

3.1. Seasonal features of CH4 and precipitation over the
Amazon

Figure 1 shows the time series of CH4 at pressure levels
of 200, 300 and 400 hPa, and that of precipitation. The CH4

concentration shows a decrease with altitude, and the most
sensitive layer of AIRS-CH4 to be used for analysis is at 400
hPa. This is consistent with CH4 vertical profiles over the
Amazon obtained from an aircraft for the period 2010–13,
whose higher CH4 concentration occurred for levels closer to
the surface than for higher levels (Basso, 2014). This hap-
pens because flooded areas, water reservoirs and lakes act as
CH4 sources. With altitude, the CH4 concentration lowers
due to various factors such as wind transport, losses into the
stratosphere, and chemical reactions with hydroxyl radicals.
For all levels, CH4 shows similar seasonal variations, with
the greatest values occurring during the dry season (Augustto
November) and the smallest during the wet season (February
to May). The same seasonal variations of CH4 in the Ama-
zon region have been previously noted (Walter et al., 2001b;
Costa et al., 2011). Also, the lowest CH4 concentration val-
ues in the study period occur from 2004 to 2008, and the
highest during 2003 and from 2009 onwards. Furthermore,
an increase in CH4 is noted at the beginning of 2008. Accord-
ing to Dlugokencky et al. (2009), this increase is more likely
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Fig. 1. Time series of the eight-day mean CH4 concentration at 200 hPa, 300 hPa and 400 hPa, and the
eight-day mean precipitation, averaged over the Amazon.

related to positive precipitation anomalies in the tropicsthan
to biomass burning. They also found that this increase in CH4

in the tropics was responsible for the increase in the global
average value (by 4.4±0.6 ppb) in that year.

Zhang et al. (2011) found that the CH4 from AIRS and
from in-situ measurements present very similar seasonal cy-
cles over China. Considering that this behavior of CH4 might
occur over the Amazon, and that the CH4 at the three ana-
lyzed levels shows very similar seasonal cycles (Fig. 1), the
subsequent analyses are for the CH4 at the 400-hPa level only.

The boxplots of the precipitation and 400-hPa CH4 time
series are shown in Figs. 2 and 3, respectively. Both time se-
ries show a well-defined seasonal cycle, with the peak in the
precipitation leading that in the CH4 concentration by five
to six months. A consistent seasonal cycle of the CH4 con-
centration was previously found for smaller areas over the
Amazon (Costa et al., 2011). This time lag between the two
peaks corresponds to the time interval necessary for the en-
largement of flooded areas, a favorable condition for a large
amount of biomass decomposition, which in turn causes sub-
stantial CH4 emissions into the atmosphere during the subse-
quent dry season.

The highest precipitation values from February to May,
with the highest median in March, define the wet season; and
the lowest values from August to September, with the low-
est median in September, define the dry season (Fig. 2). The
time interval of six months between the highest and lowest
medians indicates a symmetrical seasonal cycle. The highest
level of dispersion occurs in June during the transition period
from wet to dry season, and the lowest in October within the
dry season. Outliers above the upper quartile in most months,
except for June and December, indicate a high frequency of
extreme rainfall events. On the other hand, outliers below the
first quartile occur in March and April. This indicates out-
breaks of rain during the wet season.

The CH4 boxplot shows the highest CH4 concentration
values from July to October, with the highest median in
September; while the lowest values occur in the February–
May period, with the lowest median in April (Fig. 3). The

time interval of seven months between the highest and low-
est medians, and that of five months between the lowest and
highest medians, indicate an asymmetric seasonal cycle. In
general, the period with the highest CH4 concentrations over-
laps that with the lowest precipitation values. Two main fac-
tors contribute to the occurrence of higher CH4 concentra-
tions during the dry season: the climatological decrease of
flooded areas in the flat lands of the Amazon, and the biomass
burning in the arc of the deforestation region, which favors
land use, and takes part in a cyclical process modulated by
the climatological rainfall distribution. The highest level of
dispersion occurs in April, during the period with the lowest
CH4 concentrations. This highest level of dispersion might
be related to the precipitation, because April is also the month
with precipitation outliers on both sides of the box, which are
above the upper quartile and below the lower quartile. The
lowest level of dispersion occurs in September, in the period
with the highest CH4 concentrations. The outlier above the
upper quartile in September is likely due to the biomass burn-
ing during the dry season.

The linear correlation of−0.68 between these two time
series indicates that nearly 46% of the CH4 seasonal cycle
variance is explained by the precipitation seasonal variabil-
ity. This region has a pronounced dry season and a rainy sea-
son modulated by the meridional displacement of the ITCZ
(Fisch et al., 1998). Consequently, the Amazon river level
shows an annual fluctuation of approximately 10 m (Junk,
1970; Richey et al., 1986), which is accompanied by flooding
of the large lowland areas or wetlands, favoring high primary
emission rates and decomposition (Chen and Prinn, 2006;
Simpson et al., 2006; van der Werf et al., 2006; Bousquet
et al., 2011; Kirschke et al., 2013). Consistent with these re-
sults, Walter et al. (2001b) and Ringeval et al. (2010) found
that the seasonal cycle of CH4 emissions in the tropical wet-
lands is modulated by the rainfall seasonal cycle. The higher
CH4 fluxes from the Amazonian rivers during the low-water
season may be explained by the greater dilution of incom-
ing CH4 from sediments and groundwater, and the greater
time for CH4 oxidation in deeper water columns during high-



856 VARIABILITY OF METHANE OVER THE AMAZON VOLUME 33

Fig. 2. Monthly boxplot of the eight-day mean precipitation (PRP) over the Amazon basin for
the period 2003–12.

Fig. 3. Monthly boxplot of the eight-day mean 400-hPa CH4 over the Amazon basin for the
period 2003–12.

water periods (Sawakuchi et al., 2014). Both effects could
contribute to the lower values observed during the high-water
season.

3.2. Dominant 400-hPa CH4 variability

The dominant variability mode of the 400-hPa CH4 con-
centration over the Amazon basin and its temporal variations
are depicted in Fig. 4. This mode shows the largest positive
anomalies over the northern sector of the Amazon Basin,
mainly along the Amazon River, which contains over 350
000 km2 of wetlands (Melack and Hess, 2011). The high and
low regimes of this river alter the wetlands, and consequently
more deeply influence CH4 emissions into the atmosphere.
The corresponding PC01 shows low-frequency variations su-
perimposed on interannual variations, and explains 20.8% of
the total variance (Fig. 4). The 400-hPa CH4 anomaly time
series averaged over the Amazon (figure not shown) exhibits
variations similar to those illustrated in the PC01 time series.
Thus, a large part of the 400-hPa CH4 variations over the
Amazon can be attributed to its northern portion.

The second variability mode of CH4 (Fig. 5) shows the
largest anomalies centered in the southeastern sector of the
basin, in the deforestation arc region. In this region, the CH4

variability is related to biomass burning, in particular during
the dry season. The corresponding PC02 shows seasonal and
interannual variations, and explains 8% of the total variance.

The PC01 time series features low-frequency variations
with dominance of negative values during the 2004–08 pe-
riod, and positive ones from mid-2008 onwards, which are
superimposed on interannual variations (Fig. 4). For the in-
terannual timescale, the negative PC01 values during the first
half of 2005, 2007 and 2010 coincide with the El Niño events
of 2004–05, 2006–07 and 2009–10, respectively; and the pos-
itive PC01 values during the second half of 2005, during
2008–09, during the first half of 2011, and during 2012, coin-
cide with the La Niña events of 2005–06, 2007–08, 2008–09
and 2011–12, respectively. The El Niño and La Niña years
can be found at www.cpc.ncep.nooa.gov. For the negative
(positive) PC01 values, negative (positive) CH4 anomalies
prevail over the northern sector of the Amazon Basin. Con-
sistent with the study of Hodson et al. (2011), the results here
also indicate a clear relationship between the CH4 interan-
nual variations and ENSO, such that the CH4 emissions from
the wetlands of the northern Amazon reduce (increase) in re-
sponse to El Niño-related (La Niña-related) dry (wet) con-
ditions in that region. Furthermore, these results are consis-
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Fig. 4. First EOF mode pattern of the 400-hPa CH4 monthly anomalies (a), and the
corresponding PC time series (b). The interval in (a) is 0.05, and the grey-shaded
areas with correlation values above 0.3 are significantly different from zero correla-
tion at the 95% level of confidence. The gaps are areas where there are no data.

tent with the previously documented global decrease in CH4

emissions over the 1999–2007 period (Bousquet et al., 2006;
Dlugokencky et al., 2009; Bousquet et al., 2011; Pison et al.,
2013), and the increase in the CH4 concentration in the atmo-
sphere during 2007 and 2008, attributed to the above-normal
precipitation in the tropics (Bousquet et al., 2011).

On the other hand, the high positive (negative) PC02 val-
ues during 2006, 2007 and 2008 (the end of 2009 and the
end of 2010) indicate an increased (reduced) CH4 concen-
tration (Fig. 5). The positive peaks of PC02 are associated
with biomass burning over the southeastern Amazon. In this
case, the increase in the carbon monoxide emissions due to
biomass burning contributes to the increase in CH4 concen-
tration, mainly in the southeastern sector of the study domain
(Worden et al., 2013). Under very dry conditions, associated
with El Niño, as in 2010 (Lewis et al., 2011), the biomass
burning might have contributed to the CH4 increase in the
region.

The results here show that 28.8% of the CH4 total vari-
ance over the Amazon is due to the precipitation variability,
being 20.8% (first mode) related to variations in the flooding
in the northern sector of the study domain, which occur in re-
sponse to the precipitation variability, and 8% (second mode)
related to the biomass burning in the southeastern sector of
the region. The present study indicates a stronger influenceof

ENSO on the variation in CH4 emissions from flooded areas
than from the biomass burning during the last decade. This
result confirms previous findings obtained on a global basis
(Hodson et al., 2011),

The time-frequency variations of the PC01 time series ob-
tained from the wavelet analysis are illustrated in Fig. 6. The
GWP of this time series shows a significant 4–8-yr interan-
nual peak (maximum at 7 yr), and secondary non-significant
peaks at 2.5 yr and 0.7 yr (Fig. 6c). The strong 4–8-yr in-
terannual GWP values are due to the significant interannual
variances during almost the whole period of analysis (Fig.
6b). The 2.5-yr GWP peak is due to the high variances at the
2–4-yr timescale during the whole period of analysis, with
significant values from mid-2008 to mid-2010. The 0.7-yr
GWP peak is due to the significant variances at this timescale
during the period from mid-2004 to mid-2005, and in 2011.
This analysis indicates that the PC01 contains the dominant
variability at the 4–8-yr timescale. In other words, the CH4

over the northern sector of the Amazon basin, and mostly
along the Amazon River, shows a dominant 4–8-yr variabil-
ity.

The time-frequency variations of the PC02 time series ob-
tained from the wavelet analysis are illustrated in Fig. 7. The
GWP of this time series shows a significant 0.5–1-yr peak
and a secondary non-significant peak at 2.5 yr (Fig. 7c). The
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Fig. 5. As in Fig. 4 but for the second EOF mode pattern of the 400-hPa CH4

monthly anomalies and the corresponding PC time series.

Fig. 6. The (a) PC01 time series and (b) local wavelet power spectrumof the continuous wavelet transform
of PC01, normalized by 1/σ2 (σ2 = 1). (c) Global Wavelet Power (in variance units). The closedcontours
in (b) encompass significant variances at the 95% confidence level, and the region where the edge effects
are important is under the U-shaped curve in (b). The convex curve in (c) is the significance at the 5% level,
assuming a red-noise spectrum.

strong 0.5–1-yr GWP values are due to the significant semi-
annual variances from 2009 to 2011 (Fig. 7b). The 2.5-yr
GWP peak is due to the variances at the 2–4-yr timescale dur-

ing the whole period of analysis, with non-significant values.
This analysis indicates that the PC02 contains the dominant
variability at the 0.5–1-yr and 2–4-yr timescales. In other
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Fig. 7. As in Fig. 6 but for PC02.

words, CH4 over the southeastern sector of the Amazon basin
shows two dominant scales of variability, the annual and in-
terannual.

Since precipitation has a significant impact on CH4 emis-
sions in the tropics, it is expected that emissions also vary
during an ENSO event due to the variations in rainfall (Hod-
son et al., 2011). So, the interannual PC01 and PC02 vari-
ability might also be related to the precipitation variability
associated with ENSO. Thus, the relationships between the
PC01, PC02 and precipitation anomaly time series are ex-
amined. First, the time-frequency variations of the precipita-
tion anomaly time series are analyzed (Fig. 8). The GWP of
this time series features a significant 2–4-yr interannual peak
(maximum at 2.5 yr), and secondary non-significant peaks at
0.5, 1 and 1.5 yr (Fig. 8c). The strong significant interan-
nual GWP values are due to the significant interannual vari-
ances during the period from 2007 to the end of 2011 (Fig.
8b). A GWP peak at 11 yr is also apparent. However, in this
case the variances do not show significant values. The period
with high 2–4-yr interannual variances for the precipitation
anomaly time series overlaps the period with significant vari-
ance for this timescale for the PC01 and PC02 time series.
Thus, at least for this timescale, the PC01 and PC02 varia-
tions are likely related to the precipitation variability.

The relationships between the PC01, PC02 and precipita-
tion anomaly time series are examined from the cross-wavelet
analysis for these two time series (Figs. 9 and 10). The pre-
cipitation anomaly time series and the PC01 show signifi-
cant coherence at the 0.5–1-yr timescale from 2003 to mid-
2006, with phase differences of 180◦, and at the 0.25–0.5-yr
timescale from mid-2007 to mid-2010, with phase differences
of −90◦ (Fig. 9). For the 0.5–1-yr timescale, the phase differ-
ence of 180◦ indicates that a maximum in precipitation coin-
cides with a minimum in CH4 emissions. For the 0.25–0.5-
yr timescale, the phase difference of−90◦ indicates that the
maximum in precipitation leads the maximum in CH4 emis-

sions by 20 to 45 days. These time series also show signif-
icant coherence at the 2–4-yr timescale from 2004 onwards,
because both time series contain high 2–4-yr interannual vari-
ability during the common period from 2005 to 2011. In
this case, the phase differences between the precipitation and
PC01 time series vary from−45◦ to −90◦. For a 2-yr (4-yr)
timescale, the maximum in the precipitation leads the max-
imum in the PC01 by 3–6 (6–12) months. This lead/lag
association between the precipitation and PC01 can be in-
terpreted in terms of the ENSO-related interannual rainfall
variations over the Amazon. The La Niña-related (El Niño-
related) wet (dry) conditions over the Amazon contribute to
an enhancement (a reduction) of flooded areas, meaning the
CH4 emissions from these areas increase (reduce). For the
2–4-yr timescale, the results here indicate that the increase
(decrease) in CH4 emissions lags the maximum positive (neg-
ative) La Niña-related (El Niño-related) precipitationanoma-
lies by 3–12 months.

The precipitation anomaly time series and the PC02 show
significant coherence at the 0.25–0.5-yr timescale during the
end of 2005, beginning of 2006, beginning of 2008, and
beginning of 2010, with the phase difference varying from
−45◦ to +45◦ (Fig. 10). Significant coherence at the 0.5–1-
yr timescale occurs during 2007 and 2008, and at the 1–2-yr
scale during 2005 and 2006, with a phase difference of+90◦.
In this case, considering the 1-yr timescale, a phase differ-
ence of+90◦ indicates that a minimum in the precipitation
occurs about six months before the maximum in CH4 emis-
sions. Significant coherence at the 1.5–4-yr timescale occurs
during 2007, 2008 and 2009, with the phase differences vary-
ing from 90◦ to 145◦. In this case, considering the timescale
with the largest levels of coherence, for the 2-yr timescale,
a phase difference of 90◦ (145◦) means that a minimum or a
maximum in the precipitation time series occurs about 9 (15)
months before the minimum or the maximum in the CH4 time
series. This lead/lag association between the precipitation
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Fig. 8. The (a) precipitation (PRP) anomaly time series and (b) local wavelet power spectrum of the con-
tinuous wavelet transform of the precipitation, normalized by 1/σ2 (σ2 = 118.8 mm2). (c) Global Wavelet
Power (in variance units The closed contours in (b) encompass significant variances at the 95% confidence
level, and the region where the edge effects are important is under the U-shaped curve in (b). The convex
curve in (c) is the significance at the 5% level, assuming a red-noise spectrum.

Fig. 9. Squared wavelet coherence and phase differences between the precipitation anomaly time series and the
PC01 illustrated in Fig. 4. Dotted contours and shading represent wavelet squared coherence and vary from 0.3
to 1.0, with intervals of 0.1. The region where the edge effects are important is under the U-shaped curve. Ar-
rows indicate the phase differences as follows: in-phase (0◦), pointed to the right; antiphase (180◦), pointed to
the left; the first time series leading the second one by 90◦, pointed downward; and the first time series lagging
the second one by 90◦, pointed upward.

and PC02 can be interpreted in terms of the ENSO-related
interannual rainfall variations over the southeastern Amazon.
The La Niña-related (El Niño-related) wet (dry) conditions
over this region contribute to reduce (intensify) the biomass
burning, so that CH4 emissions due to this activity are re-
duced (enhanced). For a 2-yr timescale, our results indicate
that the decrease (increase) in CH4 emissions due to the re-
duced (intensified) biomass burning lags the La Nina-related
(El Niño-related) wetness (dryness) by 9–15 months.

3.3. Relationships between CH4 tendency and ENSO

In order to confirm the relationships between the varia-
tion in CH4 and ENSO, the CH4 time series tendency, de-
fined as the CH4 difference between two subsequent years,
is compared with the seasonal Oceanic Niño Index (ONI)
obtained at http://www.cpc.ncep.noaa.gov/products/analysis
monitoring/ensostuff/ensoyears.shtml. A positive (negative)
CH4 tendency indicates an increase (a decrease) in the
CH4 concentration. In order to obtain a smooth time se-



JULY 2016 RIBEIRO ET AL. 861

Fig. 10. As in Fig. 9 but for the squared wavelet coherence and phase differences between the precipi-
tation anomaly time series and the PC02 illustrated in Fig. 5.

Fig. 11. Seasonal 400-hPa CH4 tendency and the Oceanic Niño Index (ONI) time series for
April–May–June 2003 to October–November–December 2010.

ries, nine-month-averaged CH4 values are obtained and at-
tributed to the central month. These average CH4 values
are obtained for February, May, August and November.
Subsequently, four CH4 tendency values are obtained for
each year. The ONI values for the trimesters of January–
February–March, April–May–June, July–August–September
and October–November–December are then compared with
the CH4 tendency time series. These time series are obtained
for the period from August 2003 to November 2010 (Fig. 11).
This figure clearly illustrates a negative correlation between
the CH4 tendency and the ONI time series. So, under La Niña
years, indicated by the negative ONI values, the CH4 con-
centration increases due to the enlarged flooded areas caused
by above-normal rainfall over the region. Indeed, the posi-
tive CH4 tendency values from mid-2005 to mid-2006 and
from mid-2007 to the end of 2008 coincide with the occur-
rence of moderate and strong La Niña events during these pe-
riods. On the other hand, during the El Niño years (2006–07
and 2009–10), the negative CH4 tendency values indicate a
slightly reduced CH4 emission rate, due to the dry conditions
related to this event. Therefore, the differences seem to be due

to the changes in flooded areas, which are in turn associated
with variations in the precipitation. Remember that under El
Niño-related dryness, such as in 2010 (Lewis et al., 2011),
the biomass burning might have contributed to increased CH4

over the southeastern Amazon, as discussed above for PC02.
The intensification of burning due to El Niño-related dryness
increases CH4 emissions into the atmosphere (Worden et al.,
2013) and compensates the expected decrease in CH4 emis-
sions due to the shrinking of flooded areas. These results con-
firm the aforementioned relationship between ENSO and the
dominant CH4 variability mode reported in subsection 3.3.

4. Conclusions

The eight-day mean atmospheric CH4 concentration data
obtained from sounding sensors on board the NASA/AQUA
satellite allow detailed analyses of the spatiotemporal vari-
ations of this variable over the Amazon region. Consistent
with previous works, in general, the highest concentrations
occur at 400 hPa, rather than at higher levels, because this
level is closer to the emission sources of this gas, such as
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flooded areas, water reservoirs, lakes and others. In the higher
levels, the CH4 concentration decreases due to several fac-
tors, such as wind transport, losses into the stratosphere,and
chemical reactions with the hydroxyl radicals in the atmo-
sphere. However, the CH4 at the three analyzed levels shows
similar seasonal cycles. The CH4 concentration in all ana-
lyzed levels shows a well-defined seasonality, with a maxi-
mum during the dry season (August to November) and a min-
imum during the wet season (February to May). The seasonal
precipitation and 400-hPa CH4 time series show well-defined
seasonal cycles, with a peak in the precipitation leading that
in the CH4 concentration by five to six months. This result
is consistent with previous findings for smaller areas over the
Amazon (Costa et al., 2011). This time lag between the two
peaks corresponds to the time interval necessary for the en-
largement of flooded areas—a favorable condition for a large
amount of biomass decomposition, which causes substantial
CH4 emissions into the atmosphere during the dry season.

Our results indicate a clear relationship between CH4 in-
terannual variations and ENSO, such that the emissions of
CH4 from the wetlands of the northern Amazon are reduced
(increased) due to the El Niño-related (La Niña-related)dry
(wet) conditions in that region. Consistent results are ob-
tained from the analysis of the relationships between the CH4

tendency, defined on an annual basis, and the ONI. In this
analysis, the increase in the CH4 concentration from mid-
2005 to mid-2006, and from mid-2007 to the end of 2008,
might be justified by the emissions from flooded areas, due to
the above-normal rainfall associated with the La Niña events
of 2005–06 and 2007–08. Also, the decrease in the CH4 con-
centration noted from the end of 2006 to the beginning of
2007, and in 2009, is related to the dry conditions in the re-
gion associated with El Niño events. These results are consis-
tent with the previously documented global decrease in CH4

emissions over the period 1999–2007 (Bousquet et al., 2006;
Dlugokencky et al., 2009; Bousquet et al., 2011; Pison et al.,
2013), and the increase in the atmospheric CH4 concentration
during 2007 and 2008, attributed to the above-normal precip-
itation in the tropics (Bousquet et al., 2011).

On the other hand, the CH4 variability over the south-
eastern Amazon is associated with the variability in biomass
burning. Under very dry conditions, such as during 2007–
10 (Lewis et al., 2011), biomass burning can easily get out
of control, due to the excessively dry vegetation, leading to
high CH4 emissions. During El Niño events, the intensifi-
cation of burning is related to increases in CH4 emissions
(Worden et al., 2013). According to data made available at
the Burning and Fire Monitoring website of the National In-
stitute for Space Research (http://www.dpi.inpe.br/proarco/
bdqueimadas), the southeastern Amazon experienced a high
burning index during the second semester of 2010. This
caused an increase in CH4 emissions in this region during
2010. Furthermore, the biomass burning during 2010 might
have compensated the expected decrease in CH4 emissions
due to the shrinking of flooded areas caused by the dryness.

Consistent with previous studies, the present findings in-
dicate the important role of ENSO in modulating the vari-

ability of CH4 emissions over the Amazon. Nevertheless, the
process described here differs from that documented for re-
gions in the western Pacific. During an El Niño (La Niña)
year, the low-level southeasterlies (northwesterlies) inthe In-
dian Ocean region reduce (increase) the horizontal transport
of CH4 from this oceanic region into the western Pacific,
where the weakened (intensified) convection due to ENSO
contributes to a decrease (increase) in CH4 in the upper mid-
dle troposphere through variations in the vertical transport
from the lower levels (Terao et al., 2011). In that study, theau-
thors analyzed the CH4 variations in the western Pacific, a re-
gion outside the source of CH4 (Indian Ocean), whereas here
we analyze the CH4 variations in its source region (the Ama-
zon basin). Another crucial difference between the ENSO-
related CH4 variations in the western Pacific and those of the
Amazon concerns the seasonal cycles of the CH4 and precip-
itation. The maximum CH4 occurs in September, the end of
the dry season, in the Amazon. Furthermore, the strongest
positive correlations between the southern Oscillation index
and the rainfall occur over the northern and northwestern
Amazon during austral winter, and over the northern Amazon
during austral spring (Rao and Hada, 1990). For all these rea-
sons, we interpret that the ENSO-related local rainfall varia-
tions lead to CH4 variations. ENSO may exert different im-
pacts within the Amazon region. The differences in the CH4
concentration between the phases of ENSO over the north-
ern Amazon seem to be mostly associated with changes in
flooded areas in response to precipitation changes. On the
other hand, the intensification (reduction) in biomass burning
over the southeastern Amazon during very dry (wet) years
explains the increase (decrease) in CH4 emissions in this re-
gion.

We are conscious that version 6 of the AIRS-CH4 prod-
uct is now available. Xiong et al. (2015) presented a valida-
tion of these data using 1000 aircraft profiles obtained from
several campaigns in different years, mainly over areas in
North America, the Pacific and the North Atlantic. For the
layers 343–441 hPa and 441–575 hPa, they found biases of
−0.76% and−0.05%, and RMSEs of 1.56% and 1.16%, re-
spectively. Compared with the validation of version 5 of the
AIRS-CH4 product, with its RMSEs varying from 0.5% to
1.6% (Xiong et al., 2008, 2010), the RMSEs of version 6 have
almost the same magnitudes. So, both versions of AIRS-CH4

contain similar levels of uncertainty, which might not be rele-
vant for the purpose of the present analysis, particularly with
respect to the analysis of interannual variation, because we
consider de-seasonalized CH4 over the Amazon region. Nev-
ertheless, given that one of the improvements in the version
6 data is a larger number of retrieval layers, we intend to an-
alyze the CH4 variability using this new version in a future
study. Likely, the results could be better when using the lat-
est version of the AIRS CH4 product, because of its better
quality and greater sensitivity to lower layers in its outputs
(Xiong et al., 2015). The results in the present analysis con-
cerning the two main areas over the Amazon, its northern and
southeastern sectors, with remarkable interannual variations
of CH4, might be useful for future monitoring of the variation
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in the concentration CH4, the second-most important green-
house gas, in this area.
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