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ABSTRACT

The spatiotemporal variability of the greenhouse gas nmeti{€H,) in the atmosphere over the Amazon is studied
using data from the space-borne measurements of the Atmosphfrared Sounder on board NASA's AQUA satellite for
the period 2003-12. The results show a pronounced vatiabilithis gas over the Amazon Basin lowlands region, where
wetland areas occur. GHhas a well-defined seasonal behavior, with a progressivedse of its concentration during the dry
season, followed by a decrease during the wet season. @amgéhis variability, the present study indicates the im@ot
role of ENSO in modulating the variability of Gfmissions over the northern Amazon, where this associatems to be
mostly linked to changes in flooded areas in response to ENS(®ed precipitation changes. In this region, a,Gldcrease
(increase) is due to the El Nifio-related (La Nifia-relxt@gyness (wetness). On the other hand, an increase (detieas
the biomass burning over the southeastern Amazon during drgr (wet) years explains the increase (decrease) ip CH
emissions in this region. The present analysis identifieswlo main areas of the Amazon, its northern and southeastern
sectors, with remarkable interannual variations of4Clhis result might be useful for future monitoring of theiaéions in
the concentration of Clj the second-most important greenhouse gas, in this area.
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1. Introduction of the increase in anthropogenic emissions by reduced emis-
Methane (CH) is the most abundant hydrocarbon in tha'ons from wetlands (Bousquet _et ".’ll" 2006; Dlugok.encky et
. al., .2009; Bousquet et al., 2011; Pison et al., 2013); and (3)
atmosphere and one of the main greenhouse gases, respon§i- . o ; P
: . a decrease in emissions due to anthropogenic activities, in
ble for 20% of the warming due to the long-lived greenhouse "’ : . ; . ;
) . . articular in the countries of the former Soviet Union (Simp
gases. After the end of the pre-industrial era, its coneent . -
S . son et al., 2012). According to a report from the Ministry
tion first rose globally, then stabilized from 1999 to 200&d a : . . .
. . ) . Science, Technology and Innovation of Brazil, published
has since been increasing again (Dlugokencky et al., 19 . I .
) : N 2013, on annual estimates of greenhouse gas emissions in
UNFCCC, 2008; Bousquet et al., 2011). Previous studigs__. L
: ) razil (MCTI, 2013), the emissions of these gases over the
have shown low Cii concentration rates during the 1990 mazonian biomass were reduced from 2004 onwards due
and 2000s, except in the periods 1997-98 and 2002—03 w!

: . - 15 the changes in environmental and resource policies éor th
peaks in CH emissions occurred (Ciais et al., 2013; WMO

. ) . “regulation of land and forest use.
2013). Several expla.natlons for this Io_w G:bloncent_ran_on According to the WMO (2013), the concentration of £H
have been proposed: (1) a decrease in global emissions, r

. ’ . Sin2012 was approximately 1819 parts per billion by volume
lated to fossil fuels (Levin et al., 2012); (2) compensatio hob), which indicated an increase of 260% compared with
the pre-industrial year of 1750. The variation in theidn-

* Corresponding author: Rodrigo SOUZA centration is an important aspect of climate change, becaus

Email: souzaraf@gmail.com this gas is part of the atmospheric chemistry of ozone and hy-
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droxyl radicals, and is approximately 25 times moffeetive vertical transport of Chlfrom the boundary layer to the mid-
than carbon dioxide in absorbing longwave radiation (IPC@le troposphere. Similarly, the strong convective actiwiter
2013; Cressot et al., 2014; Tate, 2015). The increase in the Amazon may make it possible to link AIRS-¢dith
CH4 concentration originates from natural and anthropogersarface emissions. Based on ground-based observatiahal an
(e.g., fossil fuel combustion) sources, mainly over wetkan remote sensing satellite data, Zhang et al. (2013) analyzed
Globally, total emissions are two-thirds due to anthropage the precision of dterent CH concentrations remotely sensed
processes and one-third due to natural processes, alltleit Wy NASA/AQUA, GOSAT (Greenhouse Gases Observation
uncertainties in terms of the individual contribution otha Satellite) and SCanning Imaging Absorption spectroMeter
source (Kirschke et al., 2013; Cressot et al., 2014). Thar Atmospheric CHartographY (SCIAMACHY) and the re-
seasonal variations of GHemissions in the tropics, particu-sults showed that the tropospheric £Ebncentration data
larly over Brazil, are modulated by biomass burning, mainfyom AIRS provided better results of surface observations
during the dry season, and by wetlands during the wet seaer time, as well as its seasonal trends. These result®gupp
son, where flooded areas favor a high rate of primary emtke use of the AIRS products to examine the Gi¢asonal
sions and decomposition (Chen and Prinn, 2006; Simpsorcgtle and its variability.
al., 2006; van der Werf et al., 2006; Bousquet et al., 2011; The present analysis examines the spatiotemporal vari-
Kirschke et al., 2013). Natural emissions from wetlands aability of the CH, in the atmosphere over the Amazon region
the largest single source of GHand most of these emissionausing 10 years of data obtained by the NABAUA satel-
originate from the tropics. lite. The following section describes the data and methodol
During ENSO events, planetary-scale changes in oceagy. Section 3 discusses the climatological and anomalous
temperature occur in the tropics, producing anomaliesiin sfeatures of Cl and the possible causes of these features.
temperature and precipitation. As a result, ENSO could pl&@onclusions are drawn in section 4.
a significant role in determining the interannual variaypidif
wetland emissions. Hodson et al. (2011) quantified the infly-
ence of interannual variability associated with ENSO onwe%' Data and methodology
land CH, emissions, and showed that global wetland4sCH The eight-day means of the mixing rate of £&k three
variability is strongly related to ENSO variability. The-re pressure levels (200, 300 and 400 hPa) obtained from the
sults also showed that the variability in tropical wetlandsC NASA/AQUA satellite, V5, were used. These data are avail-
emissions is due mainly to the variations in flooded areas. Sble at a 1 x1° resolution (http/mirador. gsfc.nasa.ggv
variations in precipitation associated with ENSO can explafor the period 2003-12. The SVD method was used foy CH
the variability of tropical CH. retrieval based on the 7.66m band with high spectral res-
Although the main sources and sinks of £&te known, olution (Susskind et al., 2003; Xiong et al., 2008, 2009a).
guantification of its emissions contains uncertaintiesabge Validation byin-situ aircraft observations from 2003 to 2007
ground-based measurements are quite sparse in severasiewed that the bias of the retrieved £ptofiles is approxi-
gions of the globe (Walter et al., 2001a). Furthermore, dataately—1.4% to 0.1%, and its RMSE is around 0.5%—1.6%
obtained from aircraft also have low spatial and tempoms rgXiong et al., 2008, 2010). The uncertainties include er-
olutions due to limitations in measurement procedures. Hovers in atmospheric temperature and water moisture profiles
ever, as one of the few trace gases with a spectral signatsgface temperature and emissivity over high-altitudel Jan
CH, can be observed from a space-borne sounder. The Atrtfte noise of sensors, and errors in cloud clearing (Xiong et
spheric Infrared Sounder (AIRS) on board the NABAUA al., 2009a). However, some of these errors are more pro-
satellite was the first advanced atmospheric infrared seundounced in the Asian monsoon region, where the contrast be-
of high spectral resolution. It was tailored to provide info tween high and low monsoon phases is reflected in relatively
mation on several greenhouse gases and to study the wederd variations of the atmospheric temperature, watesmoi
and energy cycles (Le Marshall et al., 2006). Several studtare and convection. In fact, Xiong et al. (2008) argued that
have used the measurements from AIRS to describe spatie increase in moisture imported by the Asian monsoon to
and temporal variabilities in the emissions and transgiorta the Tibetan Plateau region pushes the most sensitive region
of atmospheric gases (Park et al., 2004; Xiong et al., 2009&;AIRS CH,; channels to higher altitudes, which also leads
Zhang et al., 2011; Rajab et al., 2012). AIRS measuremetdssome moisture-dependent artifacts in the seasonal-varia
have been used to show the variability of theQldncentra- tion of the retrieved Chl The largest dference in monthly
tion and its increase overfiérent regions (Xiong et al., 2010;averaged AIRS Clibetween September and May 2004 at
Zhang et al., 2011; Rajab et al., 2012). The estimated CHpper tropospheric layers occurs over the Tibetan Plateau.
values have been validated with aircraft and surface measun contrast, this dference for the 450-550 hPa layer is ap-
ments (Xiong et al., 2008, 2010: Zhang et al., 2011). A corproximately 40 ppb over the Amazon (Xiong et al., 2008,
parison betweeim—situ measurements and AIRS-Gldver Fig. 9). Considering that this layer is close to the levelduse
China at dfferent tropospheric levels (200, 300 and 400 hPhgre, and this diierence of approximately 2% of the monthly
made by Zhang et al. (2011) showed they have similar se@lue in May and September is larger than the uncertainty of
sonal cycles. Nevertheless, Xiong et al. (2009b) showed tl0e5%—1.6% in the AIRS retrieval, the existence of artifacts
AIRS-CH, over South Asia is significantlyfiected by the in the seasonal variations of the AIRS retrieval is irrefégva
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for the purposes of the present analysis. The TRMM-bassthless and among the transform of other time series. The
three-hourly precipitation estimates, V7, available apfit Global Wavelet Power (GWP) for a given scales the time
disc.sci.gsfc.nasa.gfprecipitatior, were also used. For de-average over all the local wavelet power spectra, and is\give
tails on the algorithm used to estimate the TRMM precipitdy equation 22 in Torrence and Compo (1998) as:

tion, see Hiiman et al. (2007). These data are gridded at a

0.25 x0.25° resolution and were obtained in the area lim- — 1\

\ . W= > Mn(9P2.

ited to (5.5N-12.5S, 47.5-75.5W), the Amazon region, N n

for the period 2003-12 period. Eight-day-averaged TRMM n=0

precipitation data were calculated. Wi (s) is the wavelet transform of a discrete sequendsthe

In order to examine the seasonal cycle of the4Giid  time index andsis the scale. Given two time serié(t) and
precipitation over the Amazon, boxplots of these time seriq(t), with wavelet transformeVx(t, s) andW (t, ), the cross-
were produced. Five quantities are shown in a boxplot: thgyelet spectrum is defined sev(t, s) = Wx(t, S)Wy.(t, 9),
lower (25%) and upper (75%) quartiles are the lower and ughere ) is the complex conjugate. The squared wavelet co-
per borders of the box; the median (the horizontal segmefidrence is defined as the squared modulus of the smoothed

inside the box); and the minimum and maximum values (Vedross-wavelet spectrum, normalized by smoothed wavelet
tical lines extending from the box) (Wilks, 2006). The boxspectra (Torrence and Webster, 1999):

plot also depicts the outliers. The monthly £bind precipi-
tation boxplots provide information on their seasonal abar
teristics and are useful for exploratory analyses of thase v
ables. The relationships between the seasonal cycles of the
CH,4 and precipitation time series averaged over the Amaz#there< > denotes smoothing in both time and scale. The
were examined through linear correlation. factors converts the squared wavelet coherency into an en-
The anomaly time series of GHand precipitation were €rgy density. The wavelet coherency phasiedence is given
obtained for each grid point over the Amazon by conside?y
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 CHwvas obtained by sub- here Im and Re are the imaginary and real parts of

jecting the anomaly time series of this variable to EOF an v(t, 9), respectively (Torrence and Webster, 1999)
ysis. The EOF calculations were based on the correlation '~ ’ '

matrix. To assess the statistical significance of a correla-
tion codficient diferent from zero, the number of degrees 0 Results and discussion
freedom was estimated as the recorded length divided by the
time interval of two independent realizations, which istége  3-1.  Seasonal features of CH4 and precipitation over the
needed to obtain autocorrelation docients of the principal Amazon
component (PC) time series close to zero. The number of de- Figure 1 shows the time series of GHt pressure levels
grees of freedom was 45. Using a two-tailed Studerist, of 200, 300 and 400 hPa, and that of precipitation. The CH
it was found that correlations above 0.3 are significantly diconcentration shows a decrease with altitude, and the most
ferent from zero correlation at the 95% level of confidenceensitive layer of AIRS-CHto be used for analysis is at 400
So, only correlation values above 0.3 were considered in diPa. This is consistent with GHvertical profiles over the
analysis. Amazon obtained from an aircraft for the period 2010-13,
The detrended precipitation anomaly time series averaggblose higher Chiconcentration occurred for levels closer to
over the Amazon was also obtained. The time-frequentgye surface than for higher levels (Basso, 2014). This hap-
variations of the PC of the first and second EOF mode and ffens because flooded areas, water reservoirs and lakes act as
detrended precipitation anomaly time series over the AmazGH, sources. With altitude, the GHconcentration lowers
were obtained through wavelet analyses. The relationshiise to various factors such as wind transport, losses igto th
between the variations of Gitoncentration and the precipi-stratosphere, and chemical reactions with hydroxyl rdslica
tation anomaly time series were examined by calculating tRer all levels, CH shows similar seasonal variations, with
wavelet coherence and phaséfeliences between PCO1 andhe greatest values occurring during the dry season (Atgust
the precipitation anomaly time series. November) and the smallest during the wet season (February
The time-frequency analysis was performed using the May). The same seasonal variations of dhlthe Ama-
Morlet wavelet, a complex exponential wave modulated on region have been previously noted (Walter et al., 2001b;
a Gaussian functiorei‘“O”e‘Wz/z, with 7 = t/s, wheret is the Costa et al., 2011). Also, the lowest goncentration val-
time, sis the wavelet scale, and is a non-dimensional fre- ues in the study period occur from 2004 to 2008, and the
quency. Following Torrence and Compo (1998), the waveleighest during 2003 and from 2009 onwards. Furthermore,
function at each scaleis normalized bys /2. This normal- anincrease in Ckis noted at the beginning of 2008. Accord-
ization allows comparisons of the wavelet transform amoiigg to Dlugokencky et al. (2009), this increase is more kel

(s~ Wxv(t, 9))I>

R = Ciw s W@ s

_ ot IMKST W v(t, 9)))
At S) = A STy (L.9)]
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Fig. 1. Time series of the eight-day mean glkoncentration 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 tropi@n time interval of seven months between the highest and low-
to biomass burning. They also found that this increase ip Cldst medians, and that of five months between the lowest and
in the tropics was responsible for the increase in the globddghest medians, indicate an asymmetric seasonal cycle. In
average value (by.4+ 0.6 ppb) in that year. general, the period with the highest gebncentrations over-
Zhang et al. (2011) found that the gitom AIRS and laps that with the lowest precipitation values. Two main fac
from in-situ measurements present very similar seasonal tyrs contribute to the occurrence of higher £ébncentra-
cles over China. Considering that this behavior of;@ight tions during the dry season: the climatological decrease of
occur over the Amazon, and that the £bk the three ana- flooded areas in the flat lands of the Amazon, and the biomass
lyzed levels shows very similar seasonal cycles (Fig. B, tburning in the arc of the deforestation region, which favors
subsequent analyses are for the,Gitithe 400-hPa level only. land use, and takes part in a cyclical process modulated by
The boxplots of the precipitation and 400-hPaQkhe the climatological rainfall distribution. The highest &hof
series are shown in Figs. 2 and 3, respectively. Both time skspersion occurs in April, during the period with the lowves
ries show a well-defined seasonal cycle, with the peak in ti#l; concentrations. This highest level of dispersion might
precipitation leading that in the GHconcentration by five be related to the precipitation, because April is also thatino
to six months. A consistent seasonal cycle of theg€bin- with precipitation outliers on both sides of the box, which a
centration was previously found for smaller areas over tlabove the upper quartile and below the lower quartile. The
Amazon (Costa et al., 2011). This time lag between the timwvest level of dispersion occurs in September, in the perio
peaks corresponds to the time interval necessary for the aiith the highest Cll concentrations. The outlier above the
largement of flooded areas, a favorable condition for a largpper quartile in September is likely due to the biomass-burn
amount of biomass decomposition, which in turn causes suiiig during the dry season.
stantial CH, emissions into the atmosphere during the subse- The linear correlation 0f0.68 between these two time
guent dry season. series indicates that nearly 46% of the £Zstasonal cycle
The highest precipitation values from February to Mayariance is explained by the precipitation seasonal vériab
with the highest median in March, define the wet season; aibd This region has a pronounced dry season and a rainy sea-
the lowest values from August to September, with the lovgon modulated by the meridional displacement of the ITCZ
est median in September, define the dry season (Fig. 2). Thesch et al., 1998). Consequently, the Amazon river level
time interval of six months between the highest and lowesttiows an annual fluctuation of approximately 10 m (Junk,
medians indicates a symmetrical seasonal cycle. The hight®70; Richey et al., 1986), which is accompanied by flooding
level of dispersion occurs in June during the transitionqeer of the large lowland areas or wetlands, favoring high primar
from wet to dry season, and the lowest in October within tremission rates and decomposition (Chen and Prinn, 2006;
dry season. Outliers above the upper quartile in most mpntBémpson et al., 2006; van der Werf et al., 2006; Bousquet
except for June and December, indicate a high frequencyedfal., 2011; Kirschke et al., 2013). Consistent with these r
extreme rainfall events. On the other hand, outliers belmv tsults, Walter et al. (2001b) and Ringeval et al. (2010) found
first quartile occur in March and April. This indicates outthat the seasonal cycle of Glémissions in the tropical wet-
breaks of rain during the wet season. lands is modulated by the rainfall seasonal cycle. The lmighe
The CH; boxplot shows the highest GHoncentration CHj, fluxes from the Amazonian rivers during the low-water
values from July to October, with the highest median iseason may be explained by the greater dilution of incom-
September; while the lowest values occur in the Februaripg CH; from sediments and groundwater, and the greater
May period, with the lowest median in April (Fig. 3). Thetime for CH,; oxidation in deeper water columns during high-
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Fig. 2. Monthly boxplot of the eight-day mean precipitation (PR®#mothe Amazon basin for
the period 2003-12.
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Fig. 3. Monthly boxplot of the eight-day mean 400-hPa L£bver the Amazon basin for the
period 2003-12.

water periods (Sawakuchi et al., 2014). Boftfeets could variability is related to biomass burning, in particularidg
contribute to the lower values observed during the highewathe dry season. The corresponding PC02 shows seasonal and

season. interannual variations, and explains 8% of the total varéan
. o The PCO1 time series features low-frequency variations
3.2. Dominant 400-hPa CHy variability with dominance of negative values during the 2004—08 pe-

The dominant variability mode of the 400-hPa £¢bn- riod, and positive ones from mid-2008 onwards, which are
centration over the Amazon basin and its temporal variatiosuperimposed on interannual variations (Fig. 4). For the in
are depicted in Fig. 4. This mode shows the largest posititerannual timescale, the negative PCO1 values during #te fir
anomalies over the northern sector of the Amazon Bashmglf of 2005, 2007 and 2010 coincide with the El Nifio events
mainly along the Amazon River, which contains over 356f 2004—-05, 2006—07 and 2009-10, respectively; and the pos-
000 kn? of wetlands (Melack and Hess, 2011). The high aritive PCO1 values during the second half of 2005, during
low regimes of this river alter the wetlands, and conseduen2008-09, during the first half of 2011, and during 2012, coin-
more deeply influence CHemissions into the atmospherecide with the La Nifia events of 2005-06, 2007-08, 2008—-09
The corresponding PC01 shows low-frequency variations ard 2011-12, respectively. The El Nifio and La Nifia years
perimposed on interannual variations, and explains 208%aan be found at www.cpc.ncep.nooa.gov. For the negative
the total variance (Fig. 4). The 400-hPa £&homaly time (positive) PCO1 values, negative (positive) £Bnhomalies
series averaged over the Amazon (figure not shown) exhilpitgvail over the northern sector of the Amazon Basin. Con-
variations similar to those illustrated in the PCO1 timaeser sistent with the study of Hodson et al. (2011), the resulie he
Thus, a large part of the 400-hPa gMariations over the also indicate a clear relationship between the,Qideran-
Amazon can be attributed to its northern portion. nual variations and ENSO, such that the {&hissions from

The second variability mode of GHFig. 5) shows the the wetlands of the northern Amazon reduce (increase) in re-
largest anomalies centered in the southeastern sectoe ofgponse to El Nifio-related (La Nifia-related) dry (wet) -con
basin, in the deforestation arc region. In this region, thily C ditions in that region. Furthermore, these results areisens
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Fig. 4. First EOF mode pattern of the 400-hPa £idonthly anomalies (a), and the
corresponding PC time series (b). The interval in (a) is 0z0fl the grey-shaded
areas with correlation values above 0.3 are significanffgidint from zero correla-

tion at the 95% level of confidence. The gaps are areas where éine no data.

tent with the previously documented global decrease in CEENSO on the variation in CiHemissions from flooded areas
emissions over the 1999-2007 period (Bousquet et al., 20€&n from the biomass burning during the last decade. This
Dlugokencky et al., 2009; Bousquet et al., 2011; Pison et akesult confirms previous findings obtained on a global basis
2013), and the increase in the gebncentration in the atmo- (Hodson et al., 2011),
sphere during 2007 and 2008, attributed to the above-normal The time-frequency variations of the PC01 time series ob-
precipitation in the tropics (Bousquet et al., 2011). tained from the wavelet analysis are illustrated in Fig. be T
On the other hand, the high positive (negative) PC02 vabWP of this time series shows a significant 4-8-yr interan-
ues during 2006, 2007 and 2008 (the end of 2009 and thaal peak (maximum at 7 yr), and secondary non-significant
end of 2010) indicate an increased (reduced),@bncen- peaks at 2.5 yr and 0.7 yr (Fig. 6¢). The strong 4-8-yr in-
tration (Fig. 5). The positive peaks of PC02 are associatetannual GWP values are due to the significant interannual
with biomass burning over the southeastern Amazon. In thigriances during almost the whole period of analysis (Fig.
case, the increase in the carbon monoxide emissions duéhy. The 2.5-yr GWP peak is due to the high variances at the
biomass burning contributes to the increase iny@€bincen- 2—4-yr timescale during the whole period of analysis, with
tration, mainly in the southeastern sector of the study domaignificant values from mid-2008 to mid-2010. The 0.7-yr
(Worden et al., 2013). Under very dry conditions, assodiat&WP peak is due to the significant variances at this timescale
with El Nifio, as in 2010 (Lewis et al., 2011), the biomasduring the period from mid-2004 to mid-2005, and in 2011.
burning might have contributed to the @lhcrease in the This analysis indicates that the PCO1 contains the dominant
region. variability at the 4-8-yr timescale. In other words, the CH
The results here show that 28.8% of the {dtal vari- over the northern sector of the Amazon basin, and mostly
ance over the Amazon is due to the precipitation variabilitglong the Amazon River, shows a dominant 4-8-yr variabil-
being 20.8% (first mode) related to variations in the floodirity.
in the northern sector of the study domain, which occur inre- The time-frequency variations of the PCO02 time series ob-
sponse to the precipitation variability, and 8% (second@)odained from the wavelet analysis are illustrated in Fig. ie T
related to the biomass burning in the southeastern sectolGM/P of this time series shows a significant 0.5-1-yr peak
the region. The present study indicates a stronger influeihceand 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-hFg C
monthly anomalies and the corresponding PC time series.
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Fig. 6. The (a) PCO1 time series and (b) local wavelet power speafithe continuous wavelet transform
of PCO1, normalized by /b2 (o2 = 1). (c) Global Wavelet Power (in variance units). The closedtours
in (b) encompass significant variances at the 95% confidesves, land the region where the eddgieets
are important is under the U-shaped curve in (b). The conuexedn (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 serimg the whole period of analysis, with non-significant value
annual variances from 2009 to 2011 (Fig. 7b). The 2.5-YJhis analysis indicates that the PC02 contains the dominant
GWP peak is due to the variances at the 2—4-yr timescale dwariability 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, CH, over the southeastern sector of the Amazon basions by 20 to 45 days. These time series also show signif-
shows two dominant scales of variability, the annual and ifcant coherence at the 2—4-yr timescale from 2004 onwards,
terannual. because both time series contain high 2—4-yr interannuial va
Since precipitation has a significant impact onf&his- ability during the common period from 2005 to 2011. In
sions in the tropics, it is expected that emissions also vahjs case, the phasefflirences between the precipitation and
during an ENSO event due to the variations in rainfall (Hod?CO1 time series vary from45° to —90°. For a 2-yr (4-yr)
son et al., 2011). So, the interannual PC01 and PCO02 vdiirescale, the maximum in the precipitation leads the max-
ability might also be related to the precipitation varighil imum in the PCO1 by 3—6 (6-12) months. This |dad
associated with ENSO. Thus, the relationships between #@msociation between the precipitation and PC01 can be in-
PCO01, PC02 and precipitation anomaly time series are égrpreted in terms of the ENSO-related interannual rdinfal
amined. First, the time-frequency variations of the pritgip variations over the Amazon. The La Nifa-related (El Nifio-
tion anomaly time series are analyzed (Fig. 8). The GWP w#lated) wet (dry) conditions over the Amazon contribute to
this time series features a significant 2—4-yr interannaakp an enhancement (a reduction) of flooded areas, meaning the
(maximum at 2.5 yr), and secondary non-significant peaksGitl; emissions from these areas increase (reduce). For the
0.5, 1 and 1.5 yr (Fig. 8c). The strong significant interar2—4-yr timescale, the results here indicate that the iserea
nual GWP values are due to the significant interannual vafitecrease) in Cldemissions lags the maximum positive (neg-
ances during the period from 2007 to the end of 2011 (Figtive) La Nifia-related (El Nifio-related) precipitatianoma-
8b). A GWP peak at 11 yr is also apparent. However, in thigs by 3—12 months.
case the variances do not show significant values. The period The precipitation anomaly time series and the PC02 show
with high 2—4-yr interannual variances for the precipdati significant coherence at the 0.25-0.5-yr timescale dulieg t
anomaly time series overlaps the period with significantvaend of 2005, beginning of 2006, beginning of 2008, and
ance for this timescale for the PC0O1 and PCO02 time seriegginning of 2010, with the phasefiirence varying from
Thus, at least for this timescale, the PC01 and PC02 vari&#5® to +45° (Fig. 10). Significant coherence at the 0.5-1-
tions are likely related to the precipitation variability. yr timescale occurs during 2007 and 2008, and at the 1-2-yr
The relationships between the PC01, PC02 and precipisaale during 2005 and 2006, with a phadésdence of+90°.
tion anomaly time series are examined from the cross-wavdie this case, considering the 1-yr timescale, a phafereli
analysis for these two time series (Figs. 9 and 10). The pece of+90° indicates that a minimum in the precipitation
cipitation anomaly time series and the PCO1 show significcurs about six months before the maximum ins@&his-
cant coherence at the 0.5-1-yr timescale from 2003 to m&lens. Significant coherence at the 1.5-4-yr timescalersccu
2006, with phase dlierences of 180 and at the 0.25-0.5-yr during 2007, 2008 and 2009, with the phad@aiences vary-
timescale from mid-2007 to mid-2010, with phasieliences ing from 90 to 145. In this case, considering the timescale
of —90° (Fig. 9). For the 0.5-1-yr timescale, the phags®edi with the largest levels of coherence, for the 2-yr timescale
ence of 180 indicates that a maximum in precipitation coina phase dference of 90 (145°) means that a minimum or a
cides with a minimum in Cllemissions. For the 0.25-0.5-maximum in the precipitation time series occurs about 9 (15)
yr timescale, the phaseftirence of-9(° indicates that the months before the minimum or the maximum in theQirhe
maximum in precipitation leads the maximum in £eimis- series. This legthg association between the precipitation
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Fig. 8. The (a) precipitation (PRP) anomaly time series and (b)l laeaelet power spectrum of the con-
tinuous wavelet transform of the precipitation, normaliby 1/0-2 (02 = 1188 mn¥). (c) Global Wavelet
Power (in variance units The closed contours in (b) encomp@mificant variances at the 95% confidence
level, and the region where the eddeeets are important is under the U-shaped curve in (b). Theeson
curve in (c) is the significance at the 5% level, assuming ana@sle spectrum.
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Fig. 9. Squared wavelet coherence and phafferdinces between the precipitation anomaly time serieshend t
PCO1 illustrated in Fig. 4. Dotted contours and shadingesgmt wavelet squared coherence and vary from 0.3
to 1.0, with intervals of 0.1. The region where the edffeas are important is under the U-shaped curve. Ar-
rows indicate the phaseftiérences as follows: in-phase’j0pointed to the right; antiphase (180pointed to

the left; the first time series leading the second one By péinted downward; and the first time series lagging
the second one by 90pointed upward.

and PCO02 can be interpreted in terms of the ENSO-relateé®. Relationships between CH 4 tendency and ENSO
interannual rainfall variations over the southeastern 2ona In order to confirm the relationships between the varia-

The La Nifa-related (El Nifio-related) wet (dry) condit® +ion in CH, and ENSO, the CHtime series tendency, de-
over this region contribute to reduce (intensify) the bismasneq as the Chl difference between two subsequent years,
burning, so that Cli emissions due to this activity are re4g compared with the seasonal Oceanic Nifio Index (ONI)
duced (enhanced). For a 2-yr timescale, our results irglicghzined at httg/www.cpc.ncep.noaa.ggproductganalysis

that the decrease (increase) in £émissions due to the re-mgnitoringensostéi/ensoyears.shtml. A positive (negative)
duced (intensified) biomass burning lags the La Nma—rdlaté,_|4 tendency indicates an increase (a decrease) in the

(EI'Nifio-related) wetness (dryness) by 9-15 months. CH4 concentration. In order to obtain a smooth time se-
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Fig. 10. As in Fig. 9 but for the squared wavelet coherence and phéatices between the precipi-
tation anomaly time series and the PCO02 illustrated in Fig. 5
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Fig. 11. Seasonal 400-hPa GHendency and the Oceanic Nifio Index (ONI) time series for
April-May—-June 2003 to October—November—December 2010.

ries, nine-month-averaged GHalues are obtained and atto the changes in flooded areas, which are in turn associated
tributed to the central month. These average,Gldlues with variations in the precipitation. Remember that under E
are obtained for February, May, August and Novembe\ifio-related dryness, such as in 2010 (Lewis et al., 2011),
Subsequently, four CHtendency values are obtained fothe biomass burning might have contributed to increasegl CH
each year. The ONI values for the trimesters of Januargver the southeastern Amazon, as discussed above for PC02.
February—March, April-May—June, July—August—SeptembEhe intensification of burning due to El Nifio-related drgse

and October—November—-December are then compared witbreases Chlemissions into the atmosphere (Worden et al.,
the CH, tendency time series. These time series are obtair@il 3) and compensates the expected decrease jre@ii$-

for the period from August 2003 to November 2010 (Fig. 11¥ions due to the shrinking of flooded areas. These results con
This figure clearly illustrates a negative correlation kegw firm the aforementioned relationship between ENSO and the
the CH, tendency and the ONI time series. So, under La Niftlominant CH variability mode reported in subsection 3.3.
years, indicated by the negative ONI values, the;@dn-
centration increases due to the enlarged flooded areasjcalﬁse
by above-normal rainfall over the region. Indeed, the posi-
tive CHy tendency values from mid-2005 to mid-2006 and The eight-day mean atmospheric £ébncentration data
from mid-2007 to the end of 2008 coincide with the occuebtained from sounding sensors on board the NASFUA
rence of moderate and strong La Nifia events during these patellite allow detailed analyses of the spatiotemporal va
riods. On the other hand, during the El Nifio years (2006—@¥ons of this variable over the Amazon region. Consistent
and 2009-10), the negative Glendency values indicate awith previous works, in general, the highest concentration
slightly reduced Cld emission rate, due to the dry condition®ccur at 400 hPa, rather than at higher levels, because this
related to this event. Therefore, thé&fdrences seem to be dudevel is closer to the emission sources of this gas, such as

Conclusions
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flooded areas, water reservoirs, lakes and others. In thehigability of CH, emissions over the Amazon. Nevertheless, the
levels, the CH concentration decreases due to several fgorocess described herefdirs from that documented for re-
tors, such as wind transport, losses into the stratospaede, gions in the western Pacific. During an El Nifio (La Nifia)
chemical reactions with the hydroxyl radicals in the atmgrear, the low-level southeasterlies (northwesterliethénin-
sphere. However, the GHat the three analyzed levels showslian Ocean region reduce (increase) the horizontal trahspo
similar seasonal cycles. The gloncentration in all ana- of CHy from this oceanic region into the western Pacific,
lyzed levels shows a well-defined seasonality, with a maxithere the weakened (intensified) convection due to ENSO
mum during the dry season (August to November) and a mirentributes to a decrease (increase) in,@Hthe upper mid-
imum during the wet season (February to May). The seasod#d troposphere through variations in the vertical tramspo
precipitation and 400-hPa GHime series show well-definedfrom the lower levels (Terao et al., 2011). In that study abe
seasonal cycles, with a peak in the precipitation leadiag ttihors analyzed the CHvariations in the western Pacific, a re-
in the CH; concentration by five to six months. This resulgion outside the source of GHIndian Ocean), whereas here
is consistent with previous findings for smaller areas dver twe analyze the Cldvariations in its source region (the Ama-
Amazon (Costa et al., 2011). This time lag between the twzon basin). Another crucial fierence between the ENSO-
peaks corresponds to the time interval necessary for the eglated CH variations in the western Pacific and those of the
largement of flooded areas—a favorable condition for a largenazon concerns the seasonal cycles of the &ht precip-
amount of biomass decomposition, which causes substanitizfion. The maximum Clloccurs in September, the end of
CH,4 emissions into the atmosphere during the dry seasonthe dry season, in the Amazon. Furthermore, the strongest
Our results indicate a clear relationship between, @H positive correlations between the southern Oscillatiatein
terannual variations and ENSO, such that the emissionsamid the rainfall occur over the northern and northwestern
CH4 from the wetlands of the northern Amazon are reducédnazon during austral winter, and over the northern Amazon
(increased) due to the El Nifio-related (La Nifia-relatdy) during austral spring (Rao and Hada, 1990). For all these rea
(wet) conditions in that region. Consistent results are obens, we interpret that the ENSO-related local rainfaliasar
tained from the analysis of the relationships between thg Chons lead to CH variations. ENSO may exertfeérent im-
tendency, defined on an annual basis, and the ONI. In tpiacts within the Amazon region. Thefldirences in the CH
analysis, the increase in the gldoncentration from mid- concentration between the phases of ENSO over the north-
2005 to mid-2006, and from mid-2007 to the end of 2008rn Amazon seem to be mostly associated with changes in
might be justified by the emissions from flooded areas, dueftooded areas in response to precipitation changes. On the
the above-normal rainfall associated with the La Nifia éverother hand, the intensification (reduction) in biomass imgrn
of 2005—-06 and 2007-08. Also, the decrease in the €ih- over the southeastern Amazon during very dry (wet) years
centration noted from the end of 2006 to the beginning ekplains the increase (decrease) insG&hissions in this re-
2007, and in 2009, is related to the dry conditions in the rgion.
gion associated with EI Nifio events. These results ardgons We are conscious that version 6 of the AIRS-ptod-
tent with the previously documented global decrease ig Cldct is now available. Xiong et al. (2015) presented a valida-
emissions over the period 1999-2007 (Bousquet et al., 20€66n of these data using 1000 aircraft profiles obtained from
Dlugokencky et al., 2009; Bousquet et al., 2011; Pison et aeveral campaigns in fiierent years, mainly over areas in
2013), and the increase in the atmospherig Cbhcentration North America, the Pacific and the North Atlantic. For the
during 2007 and 2008, attributed to the above-normal precipyers 343-441 hPa and 441-575 hPa, they found biases of
itation in the tropics (Bousquet et al., 2011). —0.76% and-0.05%, and RMSEs of 1.56% and 1.16%, re-
On the other hand, the GHvariability over the south- spectively. Compared with the validation of version 5 of the
eastern Amazon is associated with the variability in bieena8lRS-CH, product, with its RMSEs varying from 0.5% to
burning. Under very dry conditions, such as during 2007:6% (Xiong et al., 2008, 2010), the RMSEs of version 6 have
10 (Lewis et al., 2011), biomass burning can easily get calmost the same magnitudes. So, both versions of AIR$-CH
of control, due to the excessively dry vegetation, leading tontain similar levels of uncertainty, which might not bkere
high CH; emissions. During El Nifio events, the intensifivant for the purpose of the present analysis, particulaitly w
cation of burning is related to increases in £emissions respect to the analysis of interannual variation, becawse w
(Worden et al., 2013). According to data made available e@bnsider de-seasonalized gblver the Amazon region. Nev-
the Burning and Fire Monitoring website of the National Inertheless, given that one of the improvements in the version
stitute for Space Research (htfpww.dpi.inpe.bfproarcg 6 data is a larger number of retrieval layers, we intend to an-
bdqueimadas), the southeastern Amazon experienced a fibyize the CH variability using this new version in a future
burning index during the second semester of 2010. Thagudy. Likely, the results could be better when using the lat
caused an increase in Ghkmissions in this region duringest version of the AIRS Cldproduct, because of its better
2010. Furthermore, the biomass burning during 2010 migiphality and greater sensitivity to lower layers in its outpu
have compensated the expected decrease inédhissions (Xiong et al., 2015). The results in the present analysis con
due to the shrinking of flooded areas caused by the drynessrning the two main areas over the Amazon, its northern and
Consistent with previous studies, the present findings iseutheastern sectors, with remarkable interannual i@m&t
dicate the important role of ENSO in modulating the varef CHg, might be useful for future monitoring of the variation
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in the concentration CH{ the second-most important green- geral sobre o clima da Amazéniacta Amazonica28, 101—
house gas, in this area. 126.
Hodson, E. L., B. Poulter, N. E. Zimmermann, C. Prigent, and J
Acknowledgements.  This work was part of the MSc Disserta- O. Kaplan, 2011: The El Nifio-Southern Oscillation and wet-

land methane interannual variabilitgeophys. Res. LetB8,
L08810, doi: 10.1022011GL046861.
Huffman, G. J., and Coauthors, 2007: The TRMM multisatel-

tion of the first author, produced under the Post-Graduaigrem
in Climate and Environment, (CLIAMB, INPAJEA), with financial

support from the Coordination for the Improvement of Higkelu- lite precipitation analysis (TMPA): Quasi-global, mutar,
cation Personnel of Brazil (CAPES). The authors thank thelifg combined-sensor precipitation estimates at fine scates-
Authority for Studies and Projects of Brazil (FINFFEMCLAM- nal of Hydrometeorology8, 38-55.

UEA) and Amazonas State Research Foundation (FAPEAM)pCC, 2013: Summary for policymaker@limate Change 2013:
(PROESTADO and GOAMAZON) for research support. The first ~ The Physical Science Basis. Contribution of Working Group |

and third authors were partially supported by the Natioralreil to the Fifth Assessment Report of the IntergovernmentatlPan
for Technology Science and Development (CNPq) of Brazile Th on Climate ChangeT. F. Stocker et al., Eds., Cambridge Uni-
fourth author thanks FAPEAM for the Senior Visiting Reséerc versity Press, Cambridge, United Kingdom and New York,
fellowship. The authors thank the two anonymous reviewers f lz\lgiSUoSrgA]\. [Available online at httg/www.climatechange

their useful comments and suggestions. o . )
Junk, W. J., 1970: Investigations on the ecology and praocludti-

ology of the “floating Meadows”Raspalo-Echinochloetum
REFERENCES on the middle Amazon, Part I: The floating vegetation and its
ecology.Amazoniana2, 449—-495.
Basso, L. S., 2014: Determination of the methane emissioti®@i  Kijrschke, S., and Coauthors, 2013: Three decades of global

Amazon Basin (in Portuguese). PhD dissertation, Universit methane sources and sinkature Geosc;j.6, 813—-823, doi:
of Sao Paulo, Instituto de Pesquisas Energéticas e Naslea 10.103¢gnge01955.

Centro de Quimica e Meio Ambiente, Sao Paulo, 103 pp. | ¢ Marshall, J., and Coauthors, 2006: Improving global gsial

Bousquet, P., and Coauthors, 2006: Contribution of antigepic and forecasting with AIRSBull. Am. Meteor. Sag87, 891—
and natural sources to atmospheric methane variatiNity. 894.
ture, 443, 439-443, doi: 10.1038ature05132. Levin, I., and Coauthors, 2012: No inter-hemispheflé CHy
Bousquet, P., and Coauthors, 2011: Source attribution ef th trend observedNature 486, E3-E4, doi: 10.103Bature
changes in atmospheric methane for 2006-2088nos. 11175.
Chem. Phys.11, 3689-3700, doi: 10.51dcp-11-3689- | ewis, S. L., P. M. Brando, O. L. Phillips, G. M. F. van der Hiif,
2011. and D. Nepstad, 2011: The 2010 Amazon drou§iience

Chen, Y. H., and R. G. Prinn, 2006: Estimation of atmospheric 331 554, doi: 10.112&cience.1200807.
methane emissions between 1996 and 2001 using a threﬁfrelack, J. M., and L. L. Hess, 2011: Remote sensing of the dis-

dimensional global chemical transport modél.Geophys. tribution and extent of wetlands in the Amazon Bagima-
Res, 111, D10307, doi: 10.1022005JD006058. zonian Floodplain Forests: Ecophysiology, Biodiversityda
Ciais, P., and Coauthors, 2013: Carbon and other biogedcaem Sustainable ManagemenV. J. Junk et al., Eds., Springer,

cycles.Climate Change 2013: The Physical Science Basis.  Netherlands, 43-59, DOI: 10.10978-90-481-8725-6-3.
Contribution of Working Group | to the Fifth Assessment Re4CT|. 2013: Annual estimates of the greenhouse emissions

port of the Intergovernmental Panel on Climate Chanbe-. over Brazil. Ministério da Ciéncia, Tecnologia e Inogiag
Stocker et al., Eds., Cambridge University Press, Cambridg Brasilia-DF, 80 pp. (In Portuguese)

United Kingdom and New York, NY, USA. [Available online  park, M., W. J. Randel, D. E. Kinnison, R. R. Garcia, and W.

at http//www.climatechange2013.qtg Choi, 2004: Seasonal variation of methane, water vapor, and
Costa, P. S., R. A. F. Souza, R. V. A. Souza, and E. F. Cartaxo, njtrogen oxides near the tropopause: Satellite obsenatio
2011: Variability of the tropospheric methane concentrati and model simulationsl. Geophys. Res109, D03302, doi:

over the Hydro-electric Balbina reservoir from the informa 10.10292003JD003706.

tion of the EOPAqua satellite. XV Simposio Brasileiro de  pison, |, B. Ringeval, P. Bousquet, C. Prigent, and F. P2QE3:
Sensoriamento Remoto. 15, Curitiba-PR. (In Portuguese) Stable atmospheric methane in the 2000s: key-role of emis-
Cressot, C., and Coauthors, 2014: On the consistency betwee  gjons from natural wetlandAtmos. Chem. Physl3, 11 609—

global and regional methane emissions inferred from SCIA- 11 623, doi: 10.5194cpd-13-9017-2013.

MACHY, TANSO-FTS, IASI and surface measuremems.  Rajab, J. M., M. Z. MatJafri, and H. S. Lim, 2012: Methane in-
mos. Chem. Physl4, 577-592, doi: 10.5194cp-14-577- terannual distribution over peninsular Malaysia from atmo
2014. spheric infrared sounder data: 2003-208@rosol and Air

Dlugokencky, E. J., K. A. Masarie, P. M. Lang, and P. P. Tans,  Quality Research12, 1459-1466, doi: 10.4208aqr.2012.
1998: Continuing decline in the growth rate of the atmo- 02.0039.

spheric methane burdeNature 393, 447-450, doi: 10.1038  Rao, V. B., and K. Hada, 1990: Characteristics of rainfakrov

30934. _ Brazil: Annual and variations and connections with the
Dlugokencky, E. J., and Coauthors, 2009: Observational con  goythern OscillatioriTheor. Appl. Climatal 42, 81-91.

straints on recent increases in the atmospheric; G- Richey, J. E., R. H. Meade, E. Salati, A. H. Devol, C. F. Noxdfin

den.Geophys. Res. LetB6, L18803, doi: 10.1022009GL and U. D. Santos, 1986: Water discharge and suspended sedi-

039780 . ment concentrations in the Amazon River: 1982-1984ater
Fisch, G., J. A. Marengo, and C. A. Nobre, 1998: Uma revisao  Resour. Res22, 756—764.



864 VARIABILITY OF METHANE OVER THE AMAZON VOLUME 33

Ringeval, B., N. de Noblet-Ducoudré, P. Ciais, P. BousqOePri- doi: 10.1029%2001JD900165.
gent, F. Papa, and W. B. Rossow, 2010: An attempt to quantifyvalter, B. P., M. Heimann, and E. Matthews, 2001b: Modeling
the impact of changes in wetland extent on methane emissions modern methane emissions from natural wetlands: 2. Interan
on the seasonal and interannual time scaBdsbal Biogeo- nual variations 1982—-1993. Geophys. Resl06, 34 207-34
chemical Cycles24, GB2003, doi: 10.1022008GB003354. 219.

Sawakuchi, H. O, D. Bastviken, A. O. Sawakuchi, A. V. Krusche Wilks, D. S., 2006: Statistical Methods in the Atmospheric Sci-
M. V. R. Ballester, and J. E. Richey, 2014: Methane emissions  ences2nd ed., Elsevier , New York, 611 pp.
from Amazonian Rivers and their contribution to the global WMO, 2013: Greenhouse gas bulletin: The state of Green-

methane budge6Global Change Biology?20, 2829—-2840. house gases in the atmosphere using global observations
Simpson, . J., F. S. Rowland, S. Meinardi, and D. R. Blak€620 through 2012 World Meteorological Organization. [Availkab

Influence of biomass burning during recent fluctuations é th online at httpg/www.wmo.infpagegprogareggawghgdoc-

slow growth of global tropospheric methar@eophys. Res. ument$GHG_Bulletin_No.9_en.pdf].

Lett, 33, L22808, doi: 10.1022006GL027330. Worden, J., and Coauthors, 2013: El Nifio, the 2006 Indamnesi
Simpson, I. J., M. P. S. Andersen, S. Meinardi, L. Bruhwilér, peat fires, and the distribution of atmospheric meth&@en-

J. Blake, D. Helmig, F. S. Rowland, and D. R. Blake, 2012: phys. Res. Lett40: 4938—-4943, doi: 10.100grl.50937.
Long-term decline of global atmospheric ethane concentraXiong, X., C. Barnet, J. Wei, and E., Maddy, 2009a: Inforroati

tions and implications for methandlature 488, 490—494, based mid-upper tropospheric methane derived from Atmo-

doi: 10.103®ature11342. spheric Infrared Sounder (AIRS) and its validatigxtmos.
Susskind, J., C. D. Barnet, and J. M. Blaisdell, 2003: Retief Chem. Phys. Discus®, 16 331-16 360.

atmospheric and surface parameters from AIRMSU/HSB  Xiong, X., S. Houweling, J. Wei, E. Maddy, F. Sun, and C. Barne

data in the presence of cloud&EE Trans. Geosci. Remote 2009b: Methane plume over South Asia during the monsoon

Sens, 41, 390-409. season: satellite observation and model simulatfmos.
Tate, K. R., 2015: Soil methane oxidation and land-use oftang Chem. Phys9, 783-794.

from process to mitigationSoil Biology and Biochemistry Xiong, X. Z., C. Barnet, E. Maddy, C. Sweeney, X. P. Liu,

80, 260-272, doi: 10.103psoilbio.2014.10.010. L. H. Zhou, and M. Goldberg, 2008: Characterization and
Terao, Y., H. Mukai, Y. Naojiri, T. Machida, Y. Tohjima, T. Skie validation of methane products from the Atmospheric In-

and S. Maksyutov, 2011: Interannual variability and treinds frared Sounder (AIRS)l. Geophys. Resl13, GOOAO1, doi:

atmospheric methane over the western Pacific from 1994 to  10.102%2007JG000500.
2010.J. Geophys. Resl16, D14303, doi: 10.1022010JD  Xiong, X. Z., C. Barnet, E. Maddy, J. Wei, X. P. Liu, and T. S.

015467. Pagano, 2010: Seven years’ observation of mid-upper tropo-
Torrence, C., and G. P. Compo, 1998: A practical guide to \eave spheric methane from atmospheric infrared sounldemote
analysisBull. Amer. Meteor. So¢79, 61-78. Sensing2, 2509-2530.
Torrence, C., and P. J. Webster, 1999: Interdecadal changles  Xiong, X., F. Weng, Q. Liu, and E. Olsen, 2015: Space-borne
ENSO-monsoon systerd. Climate 12, 2679—-2690. observation of methane from atmospheric infrared sounder

UNFCCC, 2008: Kyoto Protocol Reference Manual: On account-  version 6: validation and implications for data analysis.
ing of emissions and assigned amount. United Nations Frame- ~ Atmospheric Measurement Techniqu8s 8563-8597, doi:
work Convention on Climate Change, 122 pp. [Available 10.5194amtd-8-8563-2015.
online at: httpy/unfccc.infresourcgdocgpublicationgd8_un-  Zhang, X. M., X. Y. Zhang, L. J. Zhang, and X. H. Li, 2013:

fccekp_ref_-manual.pdf]. Accuracy comparison of monthly AIRS, GOSAT and SCIA-
van der Werf, G. R., J. T. Randerson, L. Giglio, G. J. Coll&%. MACHY data in monitoring atmospheric CH4 concentration.

Kasibhatla, and A. F. Arellano, 2006: Interannual vari@pil Proc. of the 21st International Conference on Geoinformat-

in global biomass burning emissions from 1997 to 2084. ics, IEEE, Kaifeng, 1-4.

mos. Chem. Phys6, 3423-3441, doi: 10.51%cp-6-3423- Zhang, X. Y., W. G. Bai, P. Zhang, and W. H. Wang, 2011:

2006. Spatiotemporal variations in mid-upper tropospheric rae¢h

Walter, B. P.,, M. Heimann, and E. Matthews, 2001a: Modeling over China from satellite observatiorShinese Science Bul-
modern methane emissions from natural wetlands: 1. Model letin, 56, 3321-3327, doi: 10.1005§11434-011-4666-X.
description and resultd. Geophys. Resl06, 34 189-34 206,



