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Abstract. We develop a dynamic methanogen-available car-1 Introduction

bon model (DMCM) to quantify the role of the methanogen-

available carbon pool in determining the spatial and temporal

variability of tropical wetland Cld emissions over seasonal Wetlands are the single largest source of methanesCH
timescales. We fit DMCM parameters to satellite observa-INto the atmosphere and account for 20-40% of the global
tions of CH, columns from SCIAMACHY CH and equiv-  CHa source Denman et &).2007, Ito and Inatomi 2019, of
alent water height (EWH) from GRACE. Over the Ama- which tropical wetlands account for 50-60 % of this global
zon River basin we found substantial seasonal variability ofvetland CH source (e.gCao et al. 1996 Bloom et al,

this carbon pool (coefficient of variation = 2822 %) and a 2010. Tropical wetland biogeochemistry is poorly under-
rapid decay constanty(= 0.017 day'1), in agreement with ~ Stood compared to boreal peatlanttéch et al, 2010, re-
available laboratory measurements, suggesting that plant litsulting in large inter-model discrepancies of the magnitude
ter is likely the prominent methanogen carbon source ove@and distribution of tropical wetland GHemission estimates
this region. Using the DMCM we derived global Glémis- (Riley et al, 2011). Tropical climate variability (e.g. result-
sions for 2003-2009, and determined the resulting seasondld in widespread droughtsewis et al, 201]) can lead to
variability of atmospheric Chlon a global scale using the large year to year variations in tropical wetland £eémis-
GEOS-Chem atmospheric chemistry and transport modelSions and subsequently the global ttidget Hodson et al.
First, we estimated that tropical emissions amounted to201). Moreover,Bousquet et al(2011) found substantial
111.1 TgCHyr~1, of which 24 % was emitted from Ama- disagreements between tropical wetland;@rhissions from
zon wetlands. We estimated that annual tropical wetlandProcess-based and atmospheric inversion estimates. An im-
emissions increased by 3.4 Tg g¥t—! between 2003 and proved guantitative understanding of the magnitude, distri-
2009. Second, we found that the model was able to reproducBution, and variation of tropical wetland GHemissions is
the observed seasonal lag of £ebncentrations peaking 1— therefore essential to further understanding of the global CH
3months before peak EWH values. We also found that oucycle. Here, we parameterise tropical wetland 4Ginis-
estimates of Ciemissions substantially improved the com- sions, and hence introduce a predictive capability that can
parison between the model and observed; Ghirface con- be used to determine future emissions and to help quantify
centrations £ = 0.9). We anticipate that these new insights 9lobal CH, climate feedbacks.

from the DMCM represent a fundamental step in parame- [N wetlands and rice paddies, methanogenesis (the bio-
terising tropical wetland CiHemissions and quantifying the 9enic production of Cl) occurs as the final step of anoxic

seasonal variability and future trends of tropical O#is-  Organic matter decompositioN¢ue et al.1997). Factorsin-
sions. fluencing methanogenesis rates include substrate availability,

soil pH, temperature, water table position and redox potential
(Whalen 2005. Wetland vegetation type and aquatic herbi-
vore activity can also affect the transport of £bktween the
soil and atmospherd@absson et al1999 Dingemans et al.
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201J). On a global scale, seasonal variations in wetland CH constants are more than an order of magnitude lower

fluxes are mostly determined by temporal changes in wetthan those of leaf litter itch et al, 2003 Wania et al,

land water volume and soil temperatuvg]ter et al, 200%; 2010. Therefore, ifC,, originates mostly from the slow-

Gedney et a.2004), and from seasonal changes in wetland decomposing recalcitrant carbon pool, then variationS,jn

extent and wetland water table depRir{geval et al.201Q over seasonal timescales are likely to be small. Conversely,

Bloom et al, 2010. Recent work that used SCIAMACHY if C, is drawn from leaf litter, then large variations @y,

lower tropospheric Ciicolumn concentrations and Gravity abundance may arise as a result of rapid litter decomposi-

Recovery And Climate Experiment (GRACE) equivalent wa- tion in the tropicsMiyajima et al.(1997) measured Chlac-

ter height (EWH) retrievals showed that the seasonality ofcumulation of anaerobic decomposition of incubated tropi-

wetland CH, emissions can be largely explained by seasonalcal withered tree leaves over a 200 day period. These ob-

changes in surface temperature and water voluBieofn servations showed a rapid decrease in decomposition rates

et al, 2010. The Amazon and Congo River basins were the over the incubation periodBianchini Jr. et al(2010 found

only major exceptions in this study, where gEoncentra-  similar results for anaerobic decomposition from dried and

tions peaked several weeks before EWH, highlighting our in-groundOxycaryum cubensat 20°C: following a 20-day lag

complete understanding of the processes controlling tropicafwhere no emissions were observed)ioduced from or-

wetland CH emissions over seasonal timescales. ganic carbon decomposition peaked after a 50-day period,
In this paper we focus on the seasonal lag between CHand then rapidly decreased. On a tropical river-basin scale,

emissions and flooding over the Amazon River basin aredlooded areas expand at the onset of the wet season and en-

(Oki and Su¢d1998. We use SCIAMACHY CH retrievals  gulf newly available plant litter; as a result, Glémissions

and GRACE EWH (both described in Se@t2) to deter-  from plant litter may peak before the height of the water ta-

mine the seasonal lag between wetland;@&rhissions and ble. The occurrence of anaerobic gldmissions from lit-

wetland water volume. Figurgé shows that seasonal flood- ter decomposition within sub-seasonal timescales raises the

ing of the Amazon basin occurs typically 1-3 months after question as to whetheT,, significantly varies in time.

the peak CH concentrations, and to a lesser extent the lag

persists throughout tropical wetland areas. Although typical2.1 Model description

time-lags between EWH and Ghh the Congo River basin .

are comparable (0-2 months), in this paper we choose to fo'Ve base our model on previous worl¢om et al, 2010

cus on the Amazon basin as it covers a larger areal extenfhf‘t describes th_eztemploral varlablllt.y of wetland emissions

and larger time-lags between EWH and £ate found over &, (Mg CHym~2day™) as a function of EWH and sur-

this river basin. In Sec, we test the hypothesis that this aC€ temperature:

lag is related to the depletion of methanogen-available car- 7

bon during the onset of the tropical wet season by explic-Ftp, = k(Ty + Do) Q10(Ts) 10, (1)

itly accounting for this carbon pool in a parameterised model ) ) .

of tropical wetland CH emissionsBloom et al, 2010. We ~ Where attime (days),I'y, is the EWH,T; is the surface tem-

optimise model parameters by fitting them to SCIAMACHY perature (K),D,, is the equivalent depth of the wetland soil

CHj, column and GRACE EWH measurements, and use thd™), Q10(7s) is the temperature dependence function imple-
resulting model to estimate global wetland emission esti-Meénted byGedney et al(2004, andk is a scaling constant

mates. In Sect3 we (1) compare our results to previous (Md CHs m~2day*) accounting for all temporally constant
estimates of wetland CHemissions and to decomposition factors (e.gGedney etaj.2004. _

rates of methanogen-available carbon in anaerobic environ- Equation (1) assumes an inexhaustible source of
ments; (2) provide an overview of additional factors which Méthanogen-available carbon. Here, we account for the po-
potentially influence the seasonal variability of £Emis-  tential seasonal changesdn, by substitutingc with ¢oC,
sions in tropical wetlands; and (3) use our estimated emisWherego (day™?) is the temperature, water and carbon inde-
sions to drive the GEOS-Chem atmospheric chemistry modependent decay constant of wetland methanogenesis;and
as an approach to test the consistency between our emissias the value oiC,, (mg CH, m~2) at time:

estimates and observed variations of atmospherig G-

. . 7L
centration. We conclude the paper in Sdct. Fé&p, = ¢oC!, (Th, + Do) Q10(Ts) T0. )
To determine temporal changesdh,, we defineCL+1 in
2 Process-based model and application terms OfC,Z :
Here, we introduce a methanogen-available carbon gggl ( clfjl = CL + N, At — F(’:H4At, 3)

that typically originates from labile plant litter, recal-
citrant organic matter decomposition and root exudatesvhere At is the time intervaI,FéH4 is the carbon loss due
(e.g.Wania et al.2010. Typically, soil carbon pool decay to emitted CH (Eq. 2), and N, is the net influx of carbon
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Fig. 1. Top: The timing (month of year) of peak GHoncentrations from SCIAMACHY (left), peak equivalent water height (EWH) from
GRACE (middle), and the peak GHoncentration lead over tropical South America (right). Bottom: Normalised anomaly of GRACE EWH,
mean flood fractionFrigent et al.2007), and mean Cll concentrations (including 1-standard deviation envelope) over the main branch of
the Amazon River (8-6° S, 40-80° W).

available for methanogenesis from plant litter, root exudatestemporal variation in GRACE gravity is dominated by ter-
and breakdown of complex polymers from the recalcitrantrestrial water variability Tapley et al. 2004. We incor-
carbon pool. We assumé, is temporally constant, and we porated SCIAMACHY CH concentrations, GRACE EWH
assume wetland carbon stocks are in quasi-equilibrium orand NCEP/NCAR daily 1.9x 1.88 temperature re-analyses

annual timescales, hendé, = F¢,, . Note that whenpo is  (Kalnay et al, 1999 into a process-based model follow-

small, the equilibriunC,, > N, At. In this case(’*+1 ~ ¢! ing Bloom et al.(2010. We used the 2003—-2008 SCIA-
R ¥ " MACHY column CH; retrievals Erankenberg et 312008,

and Eg. @) converges to Eq1j (Bloom et al, 2010, which . '
assumesgoC,, is constant over seasonal timescales. In ordef@nd the CNES GRACE EWHk 1° 10-day resolution prod-

to compare derived decay constants with observed and mod&ict (Lemoine ‘it al.2007). We aggregated all three datasets
values (e.gMiyajima et al, 1997 Wania et al, 2010, we to a daily 3 x3° horizontal grid (se@®loom et al, 2010.
determine the annual mean decay constant of wetlands areas o

as¢ = Fly,/Cl, (day™). Equations 2) and @) constitute 2.3 Global parameter optimisation

the dynamic methanogen-available carbon model (DMCM).
y g ( ) We implemented the DMCM (as shown in Eg8) and @3))

22 Data on a global 8 x 3° grid for the period 2003—2009. We drove
the DMCM using the aggregated daily valuesrgfandl;,.

For the sake of brevity, we only include a brief descrip- We spun up the DMCM using 2008 andI'y, values un-
tion of the datasets for our analysis and refer the readetil it reached an annual equilibriunig, = Fém)- In contrast

to dedicated papers. Solar backscatter data from the Scame Bloom et al.(2010, we supplemented th@10(7s) func-
ning Imaging Absorption Spectrometer for Atmospheric Car-tion with a gradual linear cut-off for temperatures fot@
tography (SCIAMACHY) instrument onboard Envisat was < T} < —10°C, and whery < —10°C, F{:H4 =0 as a first
used to retrieve the mean column concentrations ofy CH order approximation to wintertime GHemission inhibition

in the atmosphereFfankenberg et al2005. The spatial in boreal wetlands. As th@10 function never reached zero,
resolution of CH retrievals is 30 kmx 60 km, and the En- this supplementary constraint effectively suppressed winter-
visat orbital geometry ensures global coverage at 6-day intertime CH; emissions, which is broadly consistent with our
vals. CH, retrievals were only achievable in daytime cloud- current understanding of GHemissions in boreal wetlands.
free conditions. The Gravity Recovery and Climate Ex- We applied the DMCM globally in order to determine (i)
periment (GRACE) is a twin satellite system from which the magnitude op andC,, in the tropics within each3x 3°

the Earth’'s gravity field was retrieved at 10-day intervals. gridcell, (i) the potential of”,, temporal variability on extra-
Tides, atmospheric pressure and wind are included in the apropical wetland environments, and (iii) Glemissions from
plied corrections on GRACE gravity retrievals; the remaining wetlands and rice paddies at a global scale. We determined
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the global distribution and seasonal variability of wetland wetland and rice paddy uncertainty equivalent to the variance
CH, emissions by optimising parametefsand D, at each  of IPCC wetland emission estimates 68 Tg CH; yr—1).
gridcell by minimising the following cost function/{:

n
T =) (cx AFp, — ASey,)%, (4) 3 Results and discussion
t=1
where AS¢,, denotes the SCIAMACHY Ci variability, Ov_er-the AT“‘"‘ZO” River basin, we find vyetland Eﬂyxes
isd 4. g E q dth 4 coincide with small values ofC,,, resulting in a highly

Alfgy, is derived from Bqs.2) and @), and the conversion ariapleC,, over seasonal timescales. Assuming an annual
factorx (ppm kg™t CHs m~2 day ™) relates CH emissions  mean inundated fraction of 3.3%figent et al. 2007,
to the equivalent column concentration in the lower tropo-the median Cl flux over a flooded area is 1.06 Mg C
sphere (se@loom et al, 2010. We removed the interan- ha1yr-1(387mg CHm2 day!). The median Amazon
nual trend (represented as a second order polynomial) fmevetIandC = 0.16 Mg C halyr~1 with a range of 0.02—
ASCH in order to minimize the influence of global atmo- 7.89 Mg c halyr—1 (5th—-95th percentile). The large spa-
spheric CH trends. We then implemented the glolo(7s)  tial variability of C,, is consistent with the complexity of
optimisation approach oBloom et al.(2010. Like other  methanogenesis rates in wetlanNe(e et al.1997 Whalen
top-down parameter optimisation methods of global wetland2005. Large temporal changes @f, are observed in the
CHs emissions Gedney et a).2004 Bloom et al, 2010,  Amazon River basin, where the me@p coefficient of vari-
our method was unable to distinguish between the seasonaktion () is 28+ 22 % over the period 2003—2009. When we
ity of CH4 emissions from wetlands and rice paddies due toallow C,, to vary in extra-tropical regions, we find a median
the concurring fluxes over seasonal timescales. However wef ¢, < 0.1 %, and as a result the relatively smal, vari-
anticipated that varying fertilisation and irrigation practices ability does not influence the seasonality of £émissions
also influence the seasonality in rice paddyGHnissions  outside the tropics. For rice paddy areas in southeast Asia we
(Conen et al.2010. We hence distinguished the sources spa-find a median of, = 4.8 %. We acknowledge that due to the
tially (Bloom et al, 2010, for which we had more confi- varying rice cultivation practices around the worldopen
dence in the distribution of rice paddies. Finally, we used theet al, 2010, the effects of rice paddy irrigation and the tim-
IPCC global wetland and rice paddy Gldmissions median ing of fertilisation onC,, cannot be captured by the DMCM
of 227.5Tg CHyr—! (Denman et a).2007) as a base value approach.
for 2003 emissions. . o To determine whether our derived values 6, and

We propagated the following uncertainties through ourg are relevant to tropical ecosystems, we compared them
global wetland and rice paddy GHemissions estimation against laboratory measurements of anaerobic decomposi-
(Bloom et al, 2010: (i) SCIAMACHY CH4 observation er-  tion of withered leaves from a wetland region in Narathiwat,
rors; (ii) the uncertainty of the linear fit betwea*j’é,_l4 and Thailand Miyajima et al, 1997). We simulated CHi pro-

SE:H4; (iii) the uncertaintyo, = +16 % associated with; duction fromC,, at each model gridcell for a 200-day period
and (iv) a global wetland and rice paddy uncertaintytof  without fresh carbon input\,=0), and we used innundated
58 Tg CHyyr—1 (Denman et a).2007). fraction observationsRrigent et al. 2007 to determine the

We propagated SCIAMACHY CH VMR errors to a  flux magnitude over flooded areas only. Fig@rehows the
3°x 3° resolution; compared to a global meaniaf8.0 ppb,  cumulative CH production over a 200-day period for (i) sim-
we found mean CHl error values of+19.2 ppb (5th—-95th  ulated decomposition from deriv@ﬂandcﬂ values over the
percentile = 6.3-37.8 ppb) over the Amazon River basin.Amazon, (ii) simulated decomposition from derivgédand
Temporal CH VMR error variability was dominated by the C,, values over boreal wetlands, and (jii) upscaled withered
number of cloud-free CHHVMR observations within each leaf mineralisation rates bpiyajima et al. (1997 using a
3°x 3° gridcell for each daily timestep. We found little sea- median of 17.5Mg C hal yr~1 fine and coarse woody de-
sonal variability in the three-monthly mean propagated;CH bris (Malhi et al, 2009. For boreal and tropical’,, decom-
errors (18.28-20.36 ppb). As the correlation of LCétrors  position, the median cumulative GHmissions, 68 % confi-
within each gridcell was unknown, we chose not to weight dence interval, and mean decay constapjsate shown. For
the cost function (Eq4) using propagated SCIAMACHY the withered leaf mineralisation rates, we show the mean fit-

CHg errors. ted decay constang] and the range and median cumulative
We incorporated the uncertainty of o, = 16 % in our CHj emissions. _
estimated Cl emissions, where, is the estimated uncer- The top-down parameter estimationgfnd C,, suggest

tainty between surface GHemission amplitude and GH  plant litter C,, is a fundamental component of tropical ¢H
column VMR amplitude; this value was derived from an emission seasonality. Our top-down estimation of anaero-
atmospheric chemistry transport model (GEOS-Chem) usbic decomposition rates for tropical wetland £emissions
ing prior emissions and SCIAMACHY averaging kernels compare favourably with laboratory measurements of anaer-
(Bloom et al, 2010. Finally, we implemented a global obically produced Ck while the magnitude of tropical
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Table 1. Model and observed decay constants for organic matter decomposition in anaerobic environments.

Decay Constant (yr1)  Study

Amazon Wetlandsfamazon  2.6-9.6° This Study Top-down wetland Ch
(median=5.9) emission parameter optimisation
Withered Leaves (3%C) 4.0 Miyajima et al.(1997: Decay

constant from anaerobic tropical
leaf CHy mineralisation

Wetland Macrophyte 1.65.5 Longhi et aI.(ZOoab:
Decomposition Measured decomposition

rates in Paluda di Ostiglia, Italy
Soil C‘f”b"“ PSOI (16C) 0.001-0.03 Wania et al(2010: Bottom-up CH,
Leaf Litter (10°C) 0.35 Emissions from Northern Peatlands
Root Exudates (10C) 13

268 % confidence interval
b Mass-loss decomposition rates

0.6 Amazon River - Main Branch
Upscaled Withered Leaf CH, Mineralisation at 35°C 0.03 ‘ ‘ ‘ 0.5
05F - C,, Mineralisation in Amazon Wetlands
> C,, Mineralisation in Boreal Wetlands —
2 g 3
o 04 0=0.011 day” o 002 0o 5
o = 2
g < =
= 5
6 0.3r
o —Wetland CHy4 emissions
§ 65 1 001 ‘ ‘ ‘ —GRACE EWH o5
E ' 6 =0.0003 day” ' 2003 2004 2005 2006 2007 2008 2009
o 0 =0.017 day™
017 Fig. 3. Daily wetland CH, emissions for 2003-2009 (blue) and

GRACE equivalent water height (green) over the central branch of
the Amazon River (9-6° S, 40—-80° W).

0 50 100 150 200

days
Fig. 2. Cumulative CH4 emissions over a 200-day period from
model G, mineralisation and incubated withered leaves. Blue: me-

dian and range of values fromMiyajima et al.(1997). Red (green):
median and 68 % confidence interval range ofs@&hissions from

rates throughout the 200-day period. In contrast, the boreal
decay constantg(g,es=0.0003 day?) indicates relatively
constant CH emission rates throughout the 200-day period.

the Amazon River basin (boreal wetland) fraf, and¢ values Tablel shows a comparison between observed and model
whenN,, = 0. A total litter stock of 17.5 Mg C hiat (Malhi et al, decay constants derived from a variety of methods. The range
2009 was used to upscale thdiyajima et al.(1997 CHy mineral-  Of ®amazon Values are within the order of magnitude of leaf
isation rates. and wetland macrophyte decay constamdéygjima et al,

1997 Longhi et al, 2008 Wania et al. 2010. We believe

that ¢ amazon iS @n indicator for the cumulative decay con-
C, decomposition is more than a factor of two smaller stant of the rapid anaerobic decomposition of root exudates,
than laboratory measurementdiyajima et al, 1997, the plant litter decomposition, and the contribution of recalci-
mean decay constamimazon= 0.017 day ! compares well  trant carbon pools. For a more detailgghaz0n COMparison
t0 ¢jear = 0.011 day* for withered leaf decomposition. The with observed and model decay constant values, an estima-
larger laboratory measurementdiyajima et al, 1997 are  tion of the overallp in wetland CH, production from bottom-
partially explained by an incubation temperature o’ @5  up process-based models (&/dania et al.2010 is needed.
(cf. a mean surface temperature in the Amazon basin of Figure3 shows the total CHflux over the central branch
23°C), and the lack of observations for coarse woody de-of the Amazon River (ON-6° S, 80 W40 W). The tempo-
bris decomposition. As a result of relatively high val- ral changes i€, result in a significantly different timing for
ues, measured leaf decomposition and model, @hhis-  CHy emissions over the tropics in comparison to Bieom
sions both show a significant reduction of g£ldmission et al. (2010 water volume and temperature dependence

www.biogeosciences.net/9/2821/2012/ Biogeosciences, 9, 2Z8233-2012
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107 in seasonal changes in GHkmissions in tropical wetland
—— Top-down . .
Wetlands & Rice environments due to enhanced plant-mediated transport and
—— Fungeetal. (1991) an increase in labile carbon in aquatic environments. Con-
ar p——— versely, seasonal macrophyte growth may result in increased
glLM:Rnteyle(tzg:gom methanotrophy due to increased ansport to the subsur-
= Dbloom et al.

face. Seasonal variability in redox potential in wetland envi-
ronments is controlled by microbial activity, and hence is in-
directly controlled by temperature, nutrient availability, wa-
ter table level and root biomass, amongst other fac®ey

bold et al, 2002 Thompson et al.2009 Schmidt et al.
2011). However, few long-term measurements of redox po-
tential have been performed over seasonal timescales, and
further research is required to determine the large-scale redox
variability in wetland environments. CHoxidation within

the water column (e.gSchubert et al.2010 has also been
proposed as a mechanism explaining reducegd €Hhissions

Fig. 4. Zonal profile of CH, emissions from wetlands and rice pad- during the peak of the wet seasdvlitsch et al, 2010, al-
dies: top-down wetlands and rice, this study (blue); wetlands, bogghough this would result in a second g Heak at the end of
and swamps,fung et al. 1991, red); wetland and rice paddy emis- the wet season. The absence of this peak in our analysis sug-
sions Riley et al, 2011, orange); wetland and rice paddy geimis- gests this process plays only a minor role in the seasonality
sions Bloom et al, 201Q green) Riley et al.(201]) attribute their  of tropical wetland CH emissions. Soil pH has been found
elevated tropical fluxes to anomalously high predicted net primaryto temporally vary over seasonal timescales and, in partic-
productivity in the Community Land Model (CLM version 4). ular, has been found to increase with decreasing redox po-
tential (e.g.Singh 2001 Seybold et a].2002), although pH
responses to redox potential and water table can vary widely
approach. While in the dry season the minimumsGldxes  (e.g. Singh et al. 2000 Thompson et al.2009. Although
coincide with the lowest GRACE EWH, peak GHuxes oc-  seasonal variation in wetland pH as a significant control on
cur during the rising water phase. The DMCM optimisation CH4 emissions is a viable hypothesis, to our knowledge there
predicts that the accumulation of carbon in the dry season reare currently no repeat measurements of pH in response to
sults in higherC,, values at the onset of the wet season. Thisflooding in tropical wetlands. Other mechanisms that could
carbon pool is then rapidly depleted during the wet seasontemporally affect CH emissions include the subsurface sul-
As a result, CH emission rates begin to decrease before thefur and iron cyclesl(aanbroek2010.
peak water phase in the wet season. We also expect uncertainties in the seasonal variability
In order to determine the importance of temperature vari-of tropical wetland CH fluxes to arise from (i) the use of
ablity in estimatingg and theC,, coefficient of variation, GRACE EWH as a proxy for wetland water volume and
cv, We performed a temperature-driven sensitivity analysis on(ii) the first order approximation of a temporally constant
the DMCM. Using a range of Q(7s) = 1.2 —4 to repeatthe N,,. GRACE monthly EWH change uncertainties of 1.0—
global parameter optimisation (Se2t3), we derived a corre- 2.1 cm were reported bwahr et al.(2004); over the Ama-
sponding ranges @f= 0.018-0.012 and:y = 20.2—31.3 %, zon River basin, EWH variability is between 0.30-0.42 m for
respectively, for the Amazon River basin. Hence, laiggr ~ 2003-2009. However, GRACE EWH is only a proxy for wet-
seasonality is associated with higherg@s). We note that  land water volumePapa et al(2008 found a strong con-
the seasonal variability @, and the relatively high turnover currence in the seasonal cycle of GRACE EWH, inundated
rates are a prominent feature in the Amazon River basirfraction, and modelled water storage. We also find strong
across a range of prescribedds) values. seasonal covariance over the main branch of the Amazon
Other hypotheses that could explain the lag between CH River (Fig. 1). Although independently GRACE and inun-
and EWH include the temporal variability of (a) macrophyte dated fraction Prigent et al.2007) provide proxies for wet-
biomass, (b) water column oxidation, (c) redox potential, andland water volume, a better understanding of basin-scale hy-
(d) soil pH. The presence of aquatic macrophytes plays amrology could ultimately be achieved via a sythesis of all
important role in the production of methane in wetland soils, available hydrological parameters (eArarderakhsh et al.
as macrophytes produce carbon available for methanogen&011).
sis, facilitate the transport of CHo the atmosphere, trans- ~ We chose a constant value &, = Fc, as a first order
port O, to the subsurface (e.aanbroek2010, and canin-  approximation of methanogen-available carbon input in wet-
hibit light and re-aeration in aquatic envionmeri®efobon  lands. However, the likely factors influencing the temporal
etal, 2010. Hence, an increase in macrophyte biomass dur-ariability of N, are the seasonal variability of root exudates
ing the rising water phase (e ilva et al, 2009 could result  and leaf litter. While root exudates are strongly dependent on

CH4Tgy ' %Lat

Latitude
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Table 2. Estimates of total annual Amazon River basin wetland

CHg emissions (Tg Chyr—1).
o
o
a Amazon Wetland
= Study CH Emissiolns
E (TgCHyyr )
q Melack et al (2004 22
= Fung et al(1991) 5.3
Riley et al.(201)) 58.9"
i I i i : Bloom et al.(2010 20.0
2003 2004 2005 2006 2007 2008 2009 _
Time (year) This study 262+9.8

* High tropical fluxes by Riley et al. (2011) are a result
e e e e e e e e e of anomalously high predicted net primary productivity
SH r=05 r=05r= 09 1 in the Community Land Model (CLM version 4).

reduction in boreal wetland emissions (3.2%), primarily
due to the introduction of a gradual cut-off in methano-
genesis rates under°C (Sect.2.3). During 2003—-2008,
the global change in CHwetland emissions amounted
[ Surface measurements Model (Fung 1991) ] to an increase of 7.7 TgGHr—1, mostly as a result of
-40[Model (Bloom 2010) ~ Model (new emissions) boreal wetlands (3.1 TgCHr1) and tropical wetlands
. . (3.4 Tg CHyyr~1), while there was also a significant increase
of 1.1 Tg CHyyr—! from mid-latitude wetlands. The increase
in Southern Hemisphere extra-tropical wetland emissions
Fig. 5. Northern Hemisphere (NH, top) and Southern Hemi- (0.13TgCH,yr1) did not significantly contribute to the
sphere (SH, bottom) mean observed and model methane anomé-Hs wetland emissions growth during 2003—2008. Boreal
lies from surface concentration measurements, 2003—2008. Surfacaetland emissions increased by 1.6 TgG# 1 in between
concentration measurements (black) are from the GasLab, AGAGE2006—2007 and decreased by 0.1 Tg4®H1 in 2007—-2008.
and ESRL networksHrancey et a).1996 Prinn et al, 200Q Cun-  Tropical wetland emissions increased by 1.4 Tg@H* in
nold et al, 2002. Dlugokencky et al. 2009. The GEQS-Qhem 2006—2007 and 1.2 Tg GHyr—1 in 2007-2008. Other work
global 3-D chemistry transport modéiraser et a 201 is driven  ghq\ys g larger interannual variability, a similar year-to-year
by wetland Ct4 emission estimates frofung et al(199]) (blue), o4 for poreal wetlands, and a decrease in the atmospheric
Bloom et al.(2010 (red), and our new top-down approach (green). . . - . L
CH, inversion estimates of tropical wetland emissions for
2007-2008Bousquet et al20117).
Finally, we used our wetland and rice glgmission es-
NPP, in-situ and modelled estimates of leaf litter seasonalitytimates to drive the GEOS-Chem global 3-D atmospheric
in the Amazon River basin have been found to vary widely chemistry and transport model (described and evaluated by
(Chave et al.201Q Caldararu et al.2012. Ultimately, a  Fraser et a).2011J), allowing us to test consistency between
temporally variable and complete representatioiVgfis re- our emissions to surface measurements of, €bhcentra-
quired in order to further understand the temporal variability tions. We sampled the model at the time and geograph-
of C,, in wetlands. ical location of the surface CHmeasurements from the
By globally integrating the DMCM method, we esti- GasLab, AGAGE and ESRL networkBr@ncey et a).1996
mated tropical wetlands emit 111.1Tg@y# 1, where  Prinn et al, 2000 Cunnold et al.2002 Dlugokencky et aJ.
Amazon wetlands account for 26.2 Tg @yt~ (24 %). Ta-  2009. Figure5 shows model and observed Gkoncentra-
ble 2 shows our estimates are within the range of other in-tion anomalies (i.e. minus the mean trend) for the Northern
dependent Amazon wetland emission Léktimates. Fig- and Southern Hemispheres. We chose to remove the inter-
ure 4 shows the zonal profile of our top-down approach annual trend from all Ckl concentrations to compare the
with the associated uncertainty estimates. We capture thregeasonality of model and surface measurements af @le
main features of global wetland and rice paddy emis-show thatthe DMCM approach better describes the observed
sions — i.e. peaks over the tropics, subtropics and loweiseasonality in both hemisphereg = 0.9, rsy = 0.9), and
mid-latitudes (mainly due to rice), and boreal latitudes —the amplitude of the Southern Hemisphere seasonality is
in agreement with previous studieBlgom et al, 201Q largely improved in comparison to the GEOS-Chem runs
Fung et al. 1991, Riley et al, 2011). In comparison to  usingFung et al(1991) andBloom et al.(2010 CH, emis-
our previous work Bloom et al, 2010, we find a slight  sions.

CH, anomaly (ppb)

2003 2004 2005 2006 2007 2008 2009
Time (year)
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4 Concluding remarks

A. A. Bloom et al.: Seasonal variability of tropical wetland CH, emissions

Bianchini Jr., I., da Cunha-Santino, M. B., Romeiro, F., and Bitar,

A. L.: Emissions of methane and carbon dioxide during anaero-

Understanding the temporal controls of temperature, water bic decomposition of aquatic macrophytes from a tropical lagoon

volume and carbon content of wetlands is crucial in deter-

(Sao Paulo, Brazil), Acta Limnologica Brasiliensia (Online), 22,

mining the global and regional seasonal cycle of wetland 157-164, 2010.
CH, emissions. We showed that incorporating a temporallyBloom, A. A., Palmer, P. |, Fraser, A., Reay, D. S., and Franken-

variable methanogen-available carbon pag), in our top-
down approach results in a significant improvement in de-
scribing the temporal behaviour of tropical and global,CH
emissions.

By implementing our dynamic methanogen-available car-
bon model (DMCM) on a global scale, we determined the
effects of a seasonally varialdg, on the seasonality of wet-
land CH; emissions in the Amazon River basin. We found
a median decay constant ¢imazon=0.017 day1 over the
Amazon River basin. Seasonal change€'jnin the tropics
largely explained the seasonal lag between SCIAMACHY
observed Clf concentrations and GRACE equivalent water
height. The relatively high seasonal variabilitydh, (mean
cy =28 %) over the Amazon River basin resulted in pealg CH
emissions occurring mostly 1-3 months prior to the peak wa-
ter height period; in contrast, the median bor€galvariabil-

berg, C.: Large-Scale Controls of Methanogenesis Inferred from
Methane and Gravity Spaceborne Data, Science, 327, 322—-325,
2010.

Bousquet, P., Ringeval, B., Pison, |., Dlugokencky, E. J., Brunke, E.-

G., Carouge, C., Chevallier, F., Fortems-Cheiney, A., Franken-
berg, C., Hauglustaine, D. A., Krummel, P. B., Langenfelds, R.

L., Ramonet, M., Schmidt, M., Steele, L. P., Szopa, S., Yver,

C., Viowy, N., and Ciais, P.: Source attribution of the changes in

atmospheric methane for 2006—2008, Atmos. Chem. Phys., 11,
3689-3700¢0i:10.5194/acp-11-3689-2012011.

Caldararu, S., Palmer, P. I., and Purves, D. W.: Inferring Ama-

zon leaf demography from satellite observations of leaf area
index, Biogeosciences, 9, 1389-14@4i:10.5194/bg-9-1389-
2012 2012.

Cao, M., Marshall, S., and Gregso, K.: Global carbon exchange

and methane emissions from natural wetlands: Application of
a process-based model, J. Geophys. Res., 101, 14399-14414,
1996.

ity wascy <0.1%. We showed a substantial improvement in chave, J., Navarrete, D., Aimeida, 8lyarez, E., Arago, L. E. O.

simulating the seasonality of surface concentrations when us-

C., Bonal, D., Chtelet, P., Silva-Espejo, J. E., Goret, J.-Y., von

ing the GEOS-Chem atmospheric chemistry transport model Hildebrand, P., Jifanez, E., Paflio, S., Péuela, M. C., Phillips,

with our wetland and rice ClHemission estimates & 0.9).

O. L., Stevenson, P., and Malhi, Y.: Regional and seasonal pat-

These improvements in the magnitude and tempora| dynam_ terns of litterfall in tropical South America, Biogeosciences, 7,

ics of tropical CH emissions will ultimately help constrain
global inverse modelling efforts.

We anticipate that this work will lead to further and more
detailed parameterisation of tropical wetland 3#issions,
and we expect our tropical wetland glmission param-
eterisation will reduce the uncertainty in forecasting future
changes in wetland CHemissions.
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