Response to reviewers’ comments

We would like to thank the Editor and both reviewers for their constructive and
thoughtful feedback on the first version of our manuscript. The manuscript has been
significantly improved based on the reviewers’ comments. As a result of the revision,
we now have two additional coauthors, Dr. Zhangcai Qin and Ms. Hailing Li, who
contributed new observed datasets for model validation and helped with revisions.
Below we offer a point-by-point response to each comment. Our responses are shown
in blue text starting with RE. The relevant modifications are highlighted in the revised
manuscript.

Anonymous Referee #1

1. The authors should add the background and implications of this work in the abstract.
RE: According to the reviewer’s suggestion, we added the background at the beginning
of the abstract (lines 26-28 in the revised manuscript) and also added the implications
at the end of the abstract (lines 49-51 in the revised manuscript).

2. There are several process-based models for simulating CH4 emissions from natural
wetlands. Why do the authors choose CH4MODyetiana and TEM? In the methods and
materials, the authors should clearly state the reasons of choosing CH4MODyetiand and
TEM.

RE: We agreed with the reviewer’s comment that several process-based models have
been developed in recent decades. Among these models, some are simple semi-
empirical models that focus on the biochemical processes of CH4 production, oxidation
and emission, e.g., Walter’s model (Walter et al., 1996; Walter and Heimann, 2000),
CASA (Potter, 1997) and CH4MODyetiand (L1 et al., 2010). This kind of model requires
simple inputs and parameters and is easily extrapolated to a regional scale. Other
models are based on more complex land ecosystem models coupled to the CHy
processes module, such as CLM4Me (Riley et al., 2011), ORCHIDEE (Ringeval et a.,
2010; 2011), SDGVM (Hopcroft et al., 2011) and TEM (Zhuang et al., 2004; Melillo et
al., 1993). These models describe complex ecosystem processes and require more
inputs and parameters. In this study, we aimed to compare the model performance of a
simple easy-to-run model, e.g. CH4MODyetand and a sophisticated land ecosystem
model, e.g., TEM. Moreover, both models have been validated at the site scale, but no
comprehensive accuracy analysis in different continents or for various wetland types
has been done before. We state these reasons in the revised manuscript (lines 120-130
in the revised manuscript).

3. The authors collected 30 wetland sites across the world, including 6 marsh sites, 14
peatland sites, 6 swamp sites and 4 coastal wetland sites. More information about the
environmental conditions of the sites, e.g., climate, soil and hydrological conditions
should be introduced in the data description. Also, it is better to add observed CH4 flux
data for each site.

RE: According to the reviewer’s comment, we added Table S1 to introduce the climate,



water table, salinity conditions as well as the observed CH4 flux data for each site. We
didn’t add the soil conditions because most of sites didn’t report the information of soil
conditions.

4. There are too many details presented in the results section. Please refine your results
and remove unnecessary details.

RE: According to the reviewer’s comment, we refined section 3.1 and 3.2. We also
moved “Spatial pattern of annual mean CH4 fluxes” to supplementary material S4.

5. L54: "satospheric water vapor and CO", lead to an increase or decrease?

RE: This estimate considers that the emission of CH4 leads to an increase of ozone
production, stratospheric water vapor and CO», which can affect its own lifetime. We
modified this sentence in the revised manuscript (lines 58-60 in the revised manuscript).
6. L62: typo: CHsemitted. And wetlands should be the largest natural source of CH4
emitted to the atmosphere.

RE: Modified.

7. L74: It might be better to remove this sentence, since it is unreasonable to say top-
down or bottom-up is better.

RE: We have removed this sentence.

8. L78: the unit should be Tg CH4 yr'..

RE: Modified.

9. L87: remove “and” from “: : :because the processes of and controls on: : :”

RE: Modified.

10. L200: change “PH” to “pH”.

RE: Modified.

11. L214: seasonal CH4 fluxes refer to monthly or daily fluxes?

RE: We modified seasonal CH4 fluxes to seasonal/annual CH4 emissions in the revised
manuscript (line 230 in the revised manuscript). The observation periods last for the
growing season or a whole year. We calculated the total amount of CH4 emissions
during the growing season or a whole year as the observed seasonal/annual CHj4
emissions. For most of the wetland sites, the total amount of seasonal/annual CH4
emissions during the observation period was calculated by summing the daily
observations. We added this explanation in the revised manuscript (lines 176-178 in the
revised manuscript).

12. L217: remove “and” from “: : :the coefficient of determination (CD) and were used
to: : :
RE: Modified.

13. L258-259: the sentence “The result indicated that the variations in the CH4
emissions between sites and in different years could be delineated by both process based
models” should be moved to the end of this paragraph, and changed to “These results
indicated that: : :”

RE: Modified.

14. L270: change unit "g m-2" to "g m-2 month-1"?

RE: As explained in question 11, this is the seasonal/annual CH4 emissions.

15. L303-305: please remove the sentence “Marsh, swamp, peatland and : : : of natural
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wetlands. Although the process-based models showed : : : for each wetland type”.
RE: Modified.

16. Figure 2: (a) and (b) are missing in the sub-figures. Add explanation for red lines
RE: Modified.

17. Figure 3 and 4: figure with higher resolution or vector figure is better

RE: We modified both figures to 600 dpi resolution.

Anonymous Referee #2

The paper deals with a topic which is of great importance to climate change studies,
and requires attention by terms of model development despite of multi-year efforts.
Novel studies comparing performance of models in representing wetland methane
emissions are highly welcomed. Especially efforts toward evaluating the models at
swamps, marshes and coastal wetlands and selecting sites equally from all important
emission regions of the world is a benefit. It is also a weakness of the paper, as the
number of sites is not large when comparing to existing literature (e.g. Turetsky et al.,
GCB2014, Treat et al., GBC2018), and when the sites are divided into different
categories, the number per category becomes even smaller. Also analysis of the
seasonality of the fluxes is missing, and would be best studied by using eddy covariance
flux measurements, as noted by the authors. However, the paper brings a welcomed
contribution to the field and can be accepted after making the text more consistent and
explaining more details.
RE: We highly appreciate the reviewer’s positive comments and constructive
suggestions. According to the reviewer’s comment, we managed to find more data of
observed wetland CH4 emissions. The site must locate in the global wetland distribution
map so that we can make comparison between the observed and simulated CH4
emissions. Now there are 43 sites in this study. The observations were made by chamber
method and eddy covariance method. We also analyzed the seasonal variations of
simulated CH4 fluxes by CH4MODuetiand and TEM in the modified manuscript (lines
347-350 and Fig. S1 in the revised manuscript). The addition of data did not change the
conclusion of the study but did improve the overall robust of modeling vs. observation
comparison. A point-by-point response to the comment is given below.

Detailed comments:

*The manuscript needs a language check

RE: The modified manuscript has been edited by “American Journal Experts” for
proper English language, grammar, punctuation, and spelling. We attached the editing
certificate by the “American Journal Experts”.

*The global emissions are in the lower end of the range given in literature (see e.g.
Saunois et al., ESSD 2019, and other references in introduction of this manuscript).
What could be the reasons behind this?

RE: We discussed this difference in section 4.2: “The global estimations of wetland area
ranged from 4.3 M ha to 12.9 M ha during the period of 1990 to 2005 (Melton et al.,
2013). The wetland extent of 9.2 M ha from the GLWD excluded water bodies. In this
study, the global wetland area (excluding rivers) was estimated by the “Global Review



of Wetland Resources and Priorities for Wetland Inventory (GRoWI)”” as 530-570 M ha
(Spiers, 1999). The GLWD value was ~40% higher than the wetland area used in this
study. That is, this difference was the main reason for the lower global estimations
determined in this study than those reported in previous works (Zhu et al., 2015; Melton
et al., 2013; Poulter et al., 2017; Saunois et al., 2016).”

144-46: You should here shortly clarify what the ‘more accurate model’ means

RE: We clarified ‘more accurate model’ in the revised manuscript (lines 47-48 in the
revised manuscript).

1130: What does soil Eh mean?
RE: It’s the soil redox potential. We modified it in the revised manuscript (line 143 in
the revised manuscript).
1214-215: What does seasonal flux mean in this context? Is it the season of annual
maximum emissions? How long does it last for the different sites?
RE: As described in Fig. 1, the observation periods last for the growing season or a
whole year at different sites. We modified “the seasonal flux” to “seasonal/annual CH4
emissions”, which means total CH4 emissions during the growing season (seasonal CHa
emissions) or a whole year (annual CH4 emissions) (line 230 in the revised manuscript).
We clarified the “seasonal/annual CH4 emissions” in section 2.2.1 (lines 176-179 in the
revised manuscript). We also modified seasonal CH4 emissions to seasonal/annual CH4
emissions in other places of the manuscript.
1402: Here, annual fluxes are mentioned, but in the Fig 2 (and Fig 3 and Fig 4) caption
you mention seasonal fluxes. Which is correct? Furthermore, which methods did you
apply for gap-filling to obtain annual totals?
RE: Both “annual fluxes” and “seasonal fluxes” mean seasonal/annual emissions, as
described in the above response. We modified “annual fluxes” and “seasonal fluxes” to
seasonal/annual emissions both in the text and the captions in Fig. 2, Fig. 3 and Fig. 4.
For most of the observations by chamber method, we used the “GetData Graph
Digitizer version 2.22” (http://getdata-graph-digitizer.com/) to get the daily fluxes from
the figures published in the literatures. The absence of CH4 emission measurements
between two adjacent days of observation was linearly interpolated. The total amount
of seasonal/annual CH4 emissions during the observation period was calculated by
summing the daily observations. For a few wetland sites without publish the seasonal
variations of CH4 fluxes, the observed seasonal/annual CH4 emissions were directly
obtained from the literature (We pointed these sites out in Table 1). For all of the
observations by eddy covariance method, we used the reported seasonal/annual CH4
emissions in the literature, since it’s difficult to get daily CH4 flux from the EC
observations. The gap-filling method for the EC observations at each site was described
in the literature. We described the method in section 2.2.1 (lines 176-179 in the revised
manuscript).
Supplementary *Not much is told about calibration data. You tell only in 4.2 that you
used chamber measurements. It would be useful to add information here, or in Table 1,
introducing the measurement method. How did you process the data and how many
data points did you use in the calibration? * What does VI (vegetation index) mean in



http://getdata-graph-digitizer.com/

this context? Does have a seasonal cycle? From where is it obtained? Did you calibrate
it? *Table S2: Where did you get tundra and peatland values? Which sites were used in
calibration?

RE: We greatly appreciate the reviewer’s comments. The manuscript has been
significantly improved to clarify details regarding site specific information. The
revisions were made to both Table 1 and Table S1 in the new version of our manuscript.
The site measurements method was also added in Table S1. We marked the sites used
for calibration were in Table 1. The observed data used in the modeling were directly
from the published observation datasets. We just calculated the seasonal/annual CH4
emissions as we explained in previous questions.

For CH4MODyetiang calibration, we used four cases from four wetland sites. We
described the calibration process in Supplementary material S1 (lines 13-18): “CHa
measurements from the Sanjiang plain, China (Table 1) in year 2002 (Hao, 2006;Song
et al., 2009;Yang et al., 2006) and from the Wuliangsu lake, China (Table 1) in year
2003 (Duan et al., 2005) were used to make calibration for the wetland dominated by
the herbaceous plants. CH4 measurements from Sarawak, Malaysia (Table 1) (Melling
et al., 2005) in year 2002 were used to make calibration for the wetland dominated by
the woody plants. The empirical constant of the salinity influence («) is calibrated as -
0.025 by minimizing the RMSE between observed fluxes and simulated fluxes at the
coastal wetland in Chongming island, China (Table 1) in year 1997.”

“VT is the parameter in CH4MODyetiand. It 1s vegetation index, which was used to
quantify the different capacities for producing root exudates of the various plant species.
It is a dimensionless value with no seasonal variations. We added the description of V1
in the modified manuscript (lines 152-153 in the revised manuscript). We described the
calibration of V7 in supplementary material S1 (lines 20-24): “By setting the increment
of 0.1 for VT and Pox, the model was run for all combinations of V7 within the range of
0.5-3.0 and Pox within the range of 0.1-1 until the root-mean-square error (RMSE)
between the daily simulated and observed CH4 fluxes was minimized.”

For TEM model, we recalibrated the parameters for tundra, peatland, marsh,
swamp, and coastal wetland (in Table S3), following the same “Monte-Carlo” approach
from previous studies (Zhuang et al., 2004). The calibration cases were not clearly
presented in the first version, it is now revised to clarify specific cases used for
calibration in Table 1. In addition, we clearly described the sites used for calibration
TEM’s parameters in the modified supplementary material (lines 35-41): “CHs
measurements from Toolik Lake, USA in year of 1992 and 1993 (Schimel et al., 1995),
from Saskatchewan, Canada, in year of 1995 (Sellers et al., 1997), from the Sanjiang
Plain, China in year 2002 (Hao, 2006; Song et al., 2009; Yang et al., 2006), from
Sarawak, Malaysia (Melling et al., 2005) in year 2002, from the coastal wetland in
Chongming island, China in year 1997 (Li et al.,, 2016) were used to calibrate
parameters for tundra, peatland, marsh, swamp and coastal wetland. We used the
Monte-carlo approach to calibrate parameters for each wetland type (Zhuang et al.,
2004)...”

References



Hopcroft, P. O., Valdes, P. J., and Beerling, D. J.: Simulating idealized Dansgaard-
Oeschger events and their potential impacts on the global methane cycle, Quaternary
Science Reviews, 30, 3258-3268, 2011.

Potter, C. S.: An ecosystem simulation model for methane production and emission
from wetlands, Global Biogeochemical Cycles, 11, 495-506, 1997.

Riley, W. J., Subin, Z. M., Lawrence, D. M., Swenson, S. C., Torn, M. S., Meng, L.,
Mahowald, N. M., and Hess, P.: Barriers to predicting changes in global terrestrial
methane fluxes: analyses using CLM4Me, a methane biogeochemistry model integrated
in CESM, Biogeosciences, 8, 1925-1953, 10.5194/bg-8-1925-2011, 2011.

Ringeval, B., de Noblet-Ducoudré, N., Ciais, P., Bousquet, P., Prigent, C., Papa, F., and
Rossow, W. B.: An attempt to quantify the impact of changes in wetland extent on
methane emissions on the seasonal and interannual time scales, Global Biogeochemical
Cycles, 24, GB2003, 10.1029/2008GB003354, 2010.

Ringeval, B., Friedlingstein, P., Koven, C., Ciais, P., de Noblet-Ducoudré, N.,
Decharme, B., and Cadule, P.: Climate-CH4 feedback from wetlands and its interaction
with the climate-CO» feedback, 2137-2157, 10.5194/bg-8-2137-2011, 2011.

Walter, B. P., Heimann, M., Shannon, R. D., and White, J. R.: A process-based model
to derive methane emissions from natural wetlands, Geophysical Research Letters, 23,
3731-3734, 1996.

Walter, B. P., and Heimann, M.: A process-based, climate-sensitive model to derive
methane emissions from natural wetlands: Application to five wetland sites, sensitivity
to model parameters, and climate, Global Biogeochemical Cycles, 14, 745-765, 2000.

Xu, X., Yuan, F., Hanson, P. J., Wullschleger, S. D., Thornton, P. E., Riley, W. J., Song,
X., Graham, D. E., Song, C., and Tian, H.: Reviews and syntheses: Four decades of
modeling methane cycling in terrestrial ecosystems, Biogeosciences, 13, 3735-3755,
2016.



N

© 0 N O o, A~ W

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

Evaluation of CH4MODwetana and TEM models used to
estimate global CH4 emissions from natural wetlands

Tingting Li%?, Yanyu Lu®, Lingfei Yu?* Wenjuan Sun? Qing Zhang!, Wen Zhang?,
Guocheng Wang!, Zhangcai Qin?®, Lijun Yu?, Hailing Li*, Ran Zhang®

ILAPC, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China
2Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519000, China
3Anhui Climate Center, Hefei 230031, China

“Institute of Botany, Chinese Academy of Sciences, Beijing 100049, China

®School of Atmospheric Sciences, Sun Yat-sen University, Guangzhou 510245, China

8 CCRC, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China

Correspondence to: Yanyu Lu (ahgxlyy@163.com), Lingfei Yu(yulf@ibcas.ac.cn)

1/36


mailto:ahqxlyy@163.com
mailto:yulf@ibcas.ac.cn

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Abstract

Wetlands are the largest and most uncertain natural sources of atmospheric methane (CHs). Several
process-based models have been developed to quantify the magnitude and estimate spatial and temporal
variations in CHs4 emissions from global wetlands. Reliable models are required to estimate global
wetland CH4 emissions. This study aimed to test two process-based models, CH4MODyyctiand and TEM,
against the CHy flux measurements of marsh, swamp, peatland and coastal wetland sites across the world;
specifically, model accuracy and generality were evaluated for different wetland types and in different
continents, and then the global CH4 emissions from 2000 to 2010 were estimated. Both models showed
similar high correlations with the observed seasonal/annual total CH4 emissions, and the regression of
the observed versus computed total seasonal/annual CH4 emissions resulted in R? values of 0.81 and 0.68
for CHAMODetang and the TEM, respectively. The CH4MODyetiand produced accurate predictions for
marshes, peatlands, swamps and coastal wetlands, with model efficiency (EF) values of 0.22, 0.52, 0.13
and 0.72, respectively. The TEM produced good predictions for peatlands and swamps, with EF values
of 0.69 and 0.74, respectively, but it could not accurately simulate marshes and coastal wetlands (EF<0).
There was a good correlation between the simulated CHs fluxes and the observed values on most
continents. However, CH4MODetand Showed no correlation with the observed values in South America
and Africa. The TEM showed no correlation with the observations in Europe. The global CH4 emissions
for the period 2000-2010 were estimated to be 105.31+2.72 Tg yr'! by CH4MOD\yetiand and 134.31+0.84
Tg yr! by the TEM. Both models simulated a similar spatial distribution of CHs emissions globally and
on different continents. Marshes contribute 36-39% of global CH4 emissions. Lakes/rivers and swamps
are the second and third greatest contributors, respectively. Other wetland types account for only
approximately 20% of global emissions. Based on the model applicability, if we use the more accurate
model, i.e., the one that performs best as evidenced by a higher model efficiency and a lower model bias,
to estimate each continent/wetland type, we obtain a new assessment of 116.99-124.74 Tg yr for the
global CH4 emissions for the period 2000-2010. Our results imply that performance at a global scale
may conceal model uncertainty. Efforts should be made to improve model accuracy for different wetland

types and regions, particularly hotspot regions, to reduce the uncertainty in global assessments.
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1 Introduction

Atmospheric methane (CH4) is the second most prevalent human-induced greenhouse gas (GHG)
after carbon dioxide (CO). Its radiative forcing effect is 28 times greater than that of CO, on a 100-year
horizon (Myhre et al., 2013). The radiative forcing attributed to CH4 has been re-evaluated by the
Intergovernmental Panel on Climate Change (IPCC)’s 5th Assessment Report (AR5) and was reported
to be almost twice as high as the value reported in the 4th Assessment Report (AR4), with values of 0.97
W m versus 0.48 W m, respectively (Myhre et al., 2013). This estimate considers that the emission of
CHy leads to an increase in ozone production, stratospheric water vapor and CO», which can affect its
own lifetime (Boucher et al., 2009; Myhre et al., 2013; Shindell et al., 2012).

The growth rate of the atmospheric CH4 concentration has varied in different historical periods.
There was an exponential increase from preindustrial times to the 1980s. The growth rate decreased after
the 1980s and was close to zero from 1999 to 2006; then, the growth rate resumed strong growth in the
period 0 2007-2017 (Dlugokencky et al., 2009, 2016; Nisbet et al., 2019). However, the causes that drive
the variations in growth rate remain unclear due to the uncertainties in estimating CH4 emissions and
sinks (Ghosh et al., 2015; Saunois et al., 2016; Nisbet et al., 2019; Dalseren et al., 2016).

Integrated at the global scale, wetlands are the largest and most uncertain source of CH4 emitted to
the atmosphere (Kirschke et al., 2013; Saunois et al., 2016). These emissions represent approximately
30% of the total CHs input (Saunois et al., 2016). Bottom-up and top-down approaches are popular
methods for estimating global CH4 emissions from natural wetlands. Top-down approaches are based on
inverse models (e.g., Bousquet et al., 2006; Fraser et al., 2013; Meirink et al., 2008; Tsuruta et al., 2017;
Bruhwiler et al., 2014), which determine ‘optimal’ surface fluxes that best fit atmospheric CHj4
observations given an atmospheric transport model including chemistry, prior estimates of fluxes, and
their uncertainties (Kirschke et al., 2013). Bottom-up approaches use process-based models that describe
the relationship between the environmental factors and the processes of CH4 production, oxidation and
emission using mathematical equations (e.g., Li et al., 2010; Zhu et al., 2013; Zhang et al., 2002; Zhu et
al., 2014; Walter and Heimann, 2000; Tian et al., 2015; Riley et al., 2011; Meng et al., 2012; Zhuang et
al., 20006).

Recent studies related to the bottom-up approach have used an ensemble of process-based models

driven by the same climate forcing to estimate the global CH4 emissions from natural wetlands. For
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example, the Wetland and Wetland CH4 Intercomparison of Models Project (WETCHIMP) used ten land
surface models and estimated global CH4 emissions of 190 =76 Tg CH, yr ! for the 1993-2004 period
(Melton et al., 2013). In the following year, Kirschke et al. (2013) assessed a large emission range of
142-287 Tg CH4 yr ! from 1980 to 2010. Saunois et al. (2016) and Poulter et al. (2017) estimated global
emissions of 153-227 Tg CHy4 yr! for the decade 2003—2012 and 184 +22 Tg CH, yr™! for the decade
2000-2012 using ensemble process-based models (Poulter et al., 2017). Saunois et al. (2016) suggested
that approximately 70% of the uncertainty was due to model structures and parameters.

Natural wetland ecosystems are greatly heterogeneous on a global scale. Wetlands vary widely by
continent with respect to area and type (Kingsford et al., 2016; Keddy, 2010). Some wetland types have
higher emissions, while some emit less CHs; this difference is because the processes of controls on CHy
cycling differ among wetland types (Bridgham et al., 2013). For example, sedge-dominated marsh or fen
often emit higher CH4 fluxes because sedges can increase methanogenic substrates as part of their plant
productivity and promote CH4 transportation through their soft aerenchyma and lacunae tissues
(McEwing et al., 2015; Jitka et al., 2017; Bhullar et al., 2013; Joabsson and Christensen, 2001; Kwon et
al., 2017; King et al., 2002; Chanton, 2005). Bog soils with anaerobic incubations emit little CH4 due to
the particularly high CO,:CHj4 ratios of the end products of anaerobic carbon (Bridgham et al., 1998;
Galand et al., 2010; Keller and Bridgham, 2007). Coastal wetlands with high salinity usually emit less
CH4 than other wetlands because the sulfate in seawater inhibits CHs4 production (Bartlett et al., 1985;
Delaune et al., 1983; Li et al., 2016; Poffenbarger et al., 2011).

Model evaluation is a core part of model development and testing (Bennett et al., 2013). Based on
the model evaluation, the modeler must be confident that the model will fulfill its purpose (Bennett et al.,
2013; Rykiel, 1996). If applying process-based models for global-scale CH4 estimations, it is necessary
to evaluate its performance in different wetland types and regions. This process is also helpful for
confirming the source of uncertainties and improving the model. However, previous studies have always
focused on global assessments and have overlooked model performance in different wetland types or
regions, which may have induced high uncertainties (Poulter et al., 2017; Saunois et al., 2016; Kirschke
et al., 2013; Melton et al., 2013). CH4MOD cqana (Li et al., 2010) and the Terrestrial Ecosystem Model
(TEM) (Zhuang et al., 2004; Melillo et al., 1993; Zhuang et al., 2007; Zhuang et al., 2013) are two

established process-based models that can be used to simulate regional and global wetland CH4 emissions.
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Both models have been validated at specific sites (Zhu et al., 2013; Li et al., 2010; Li et al., 2017).
However, we do not have information on the accuracy and applicability of the models for different
wetland types and on different continents. The objectives of this study were to comprehensively evaluate
the model performances of CH4MODeiand and the TEM for different wetland types and on different

continents and then to use the models to estimate global CH4 emissions from natural wetlands.

2 Methods and Materials

The performance evaluation should clearly depend on the model objectives (Bennett et al., 2013).
The models considered in this study aim to estimate the annual emissions from global wetlands.
Therefore, the accuracy and applicability of the model in simulating annual CH4 emissions for different
wetland types and continents are very important in a performance evaluation. Several process-based
models have been developed in recent decades (Xu et al., 2016). Some models are simple semiempirical
models that focus on the biochemical processes of CH4 production, oxidation and emission, e.g., Walter’s
model (Walter et al., 1996; Walter and Heimann, 2000), CASA (Potter, 1997) and CH4MOD yetiand (Li et
al., 2010). This kind of model requires simple inputs and parameters and is easily extrapolated to a
regional scale. Other models are based on more complex land ecosystem models coupled to the CHs
processes module, such as CLM4Me, ORCHIDEE, SDGVM and TEM. These models describe complex
ecosystem processes require more inputs and parameters. In this study, we chose CH4MODyetand and the
TEM to compare the model performance of a simple easy-to-run model and a sophisticated land
ecosystem model. Moreover, both models have been validated at the site scale, but no comprehensive
accuracy analysis in different continents or for various wetland types has been done before. We collected
CHjy flux measurements from 43 wetlands spanning the main wetland types in the world from peer-
reviewed literature (Table 1). A set of statistical methods was used to comprehensively evaluate the
performance of CH4MODyetana and the TEM in different wetland types and on different continents.

Finally, we extrapolated both models to estimate the global CH4 emissions from 2000 to 2010.
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2.1 Model overview

2.1.1 CHAMODuwetland

The CH4MODwetans model is a process-based biogeophysical model used to simulate the processes
of CH, production, oxidation and emission from natural wetlands (Li et al., 2010). The model was
established based on CH4MOD, which is used to predict CH4 emissions from rice paddies (Huang et al.,
1998; Huang et al., 1997). In CH4MODyeuang, We focused on the differences in the supply of
methanogenic substrates between natural wetlands and rice paddies. Methanogenic substrates are derived
from root exudates, the decomposition of plant litter and soil organic matter. The methane production
rates were determined based on the methanogenic substrates and the influence of environmental factors,
including soil temperature, soil texture and soil redox potential. Additionally, we incorporated the
influence of salinity on CH, production to improve the model performance for coastal wetlands (Li et al.,
2016). Inputs to the CH4MODwetana model include the daily air/soil temperature, water table depth,
annual aboveground net primary productivity (ANPP), soil sand fraction, soil organic matter, bulk
density and soil salinity. The outputs are the daily and annual CH, production and emissions. We used
the TOPMODEL hydrological model to simulate the water table depth as the inputs of CH4MOD wetiand
(Bohn et al., 2007; Li et al., 2015; Li et al., 2019; Zhu et al., 2013; Beven and Kirkby, 1979).

The main parameters that must be calibrated in CH4MODuyetang include the vegetation index (V1),
which was used to quantify the different capacities for producing root exudates of the various plant
species, the fraction of plant-mediated transport available (7'.,), the fraction of CH4 oxidized during
plant-mediated transport (P.), the proportion of belowground net primary productivity (BNPP) to the
total net primary productivity (NPP) (f;), the fraction of nonstructural component in plant litter (Fy)
(Table S1) and the empirical constant of the influence of salinity. The model parametrization and main

parameters are described in Supplementary Material S1.

212TEM

The TEM is another process-based biogeochemical model that couples carbon, nitrogen, water, and
heat processes in terrestrial ecosystems to simulate ecosystem carbon and nitrogen dynamics (Melillo et

al., 1993; Zhuang et al., 2007; Zhuang et al., 2013). The methane dynamics module was first coupled
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within the TEM by Zhuang et al. (2004) to explicitly simulate the process of methane production
(methanogenesis), oxidation (methanotrophy) and transport between the soil and the atmosphere.
Methane production is assumed to occur only in saturated zones and is regulated by organic substrate,
soil thermal conditions, soil pH, and soil redox potentials; methane oxidation, which occurs in the
unsaturated zone, depends on the soil methane and oxygen concentrations, temperature, moisture and
redox potential. Methane transport is described by three pathways in the TEM: (1) diffusion through the
soil profile, (2) plant-aided transport, and (3) ebullition. The TEM has also been coupled with
TOPMODEL (Zhu et al., 2013). The model calibration of the TEM is well documented in Supplementary

Material S2 and Table S2.

2.2 Site information and data sources

2.2.1 Site information

We collected 43 wetland sites across the world (Table 1). The wetland sites included 6 marsh sites,
25 peatland sites, 8 swamp sites and 4 coastal wetland sites. Among the wetland sites, 7 sites are
distributed in Europe (EU), 11 sites are distributed in Asia (AS), 2 sites are distributed in Africa (AF), 4
sites are distributed in South America (SA) and 19 sites are distributed in North America (NA). The
observations were from the late 1980s to the 2010s. The observation periods covered either a growing
season or a whole year (Table 1). We calculated the total amount of CH4 emissions during the growing
season or the whole year as the observed seasonal/annual CH4 emissions. For most of the wetland sites,
the total amount of seasonal/annual CH4 emissions during the observation period was calculated by
summing the daily observations. Gaps in the CH4 emission measurements were filled by linear
interpolation between two adjacent days of observations. For a few wetland sites, the observed
seasonal/annual CH4 emissions were directly obtained from the literature. More details about the location

vegetation and observation periods are described in Table 1.

2.2.2 Wetland map

The global wetland distributions of different wetland types were based on the Global Lakes and

Wetlands Database (GLWD-3) (http://www.wwfus.org/science/data.cfm) (Lehner and D&l, 2004) (Fig.
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1). According to GLWD-3, the wetland types include 1. lakes, 2. reservoirs, 3. rivers (we combined lakes,
reservoirs and rivers as a single wetland type, hereafter referred to as lakes/rivers), 4. freshwater marsh
and floodplain (hereafter referred to as marsh), 5. swamp forest and flooded forest (hereafter referred to
as swamp), 6. coastal wetland, 7. saline wetland (we combined coastal wetland and saline wetland as a
single wetland type, hereafter referred to as coastal wetland), 8. bog, fen and mire (hereafter referred to
as peatland), 9. intermittent wetland and 10. no-specific wetland. All of the observed sites (Table 1) are
distributed on the wetland map (Fig. 1).

The global wetland area (excluding rivers) was estimated by the “Global Review of Wetland
Resources and Priorities for Wetland Inventory (GRoWI)” as 530-570 M ha (Spiers, 1999). We used an
average value, as the wetland area excluded rivers in this study. The global wetland area of rivers was
based on GLWD-3. Therefore, we assumed that the global wetland area was 584 M ha, which represented
the wetland area for the period from 2000 to 2010. The cartography-based GLWD-3 data provide a global
distribution of natural wetlands at a 30-second resolution. Then, we aggregated the merged map up to
0.5<x0.5°(latitude x longitude) grids. The wetland area (excluding rivers) in each pixel was adjusted

by the ratio of the global wetland area estimated by GRoW!I and by GLWD-3.

2.2.3 Driver data

The input climate data for the models include the daily air temperature, precipitation, cloudiness
and vapor pressure. The historical daily climate data were developed from the latest monthly data sets of
the Climatic Research Unit (CRU TS 3.10) of the University of East Anglia in the United Kingdom
(Harris et al., 2014).

The soil properties needed by the CH4AMODuetiana model include soil texture (percentage of sand in
the soil), bulk density, soil organic carbon content, soil temperature and soil moisture. The additional
information needed by the TEM includes the percentage of silt and clay in the soil, soil pH and site
elevation. The soil texture data were derived from the soil map of the Food and Agriculture Organization
(FAO) (FAO, 2012). The soil organic carbon content and the reference bulk density of wetland soils were
retrieved from the Harmonized World Soil Database (HWSD) (FAO, 2008) by masking the HWSD with
the Global Lakes and Wetlands Database (GLWD) (Lehner and D&ll, 2004). The daily soil temperature

data were estimated by the TEM from spatially interpolated climate data. The daily soil moisture driving
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CHAMODuwetiand  coupled with  TOPMODEL was developed from the monthly dataset

(http://www.cpc.ncep.noaa.gov/soilmst/leaky glb.htm) by temporal linear interpolation (Fan and van

den Dool, 2004). The soil pH was also derived from the global soil property dataset of the International
Geosphere-Biosphere Programme (IGBP) (Carter and Scholes, 2000).

The vegetation map of the IGBP was referenced to specify the vegetation parameters for
CH4MODyeqana (Table S1) and the TEM. The map was derived from the IGBP Data and Information
System (DIS) DISCover Database (Belward et al., 1999; Loveland et al., 2000). The 1 km X 1 km
DISCover dataset was reclassified into the TEM vegetation classification scheme and then aggregated
into 0.5° x 0.5° grids. The annual ANPP used to drive CH4MOD yctiand Was from the output of the TEM.

For CHAMOD etand, @ high-resolution topographic wetness index dataset (Marthews et al., 2015)
was used to calculate the changes in the water table. Global salinity data were obtained from the World
Ocean Atlas 2009 (Antonov et al., 2010). We also used 1 km x1 km global elevation data derived from
the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007). The above data were resampled to

0.5° x 0.5° grids to match the resolution of the other input data.

2.3 Model evaluation

We compared the observed seasonal/annual CH4 emissions from the wetland sites (Table 1) and the
simulated CH4 emissions at the 0.50.5°grid scale for the same period (described in Sect. 2.4). The
statistics include the determination coefficient (R?), the root mean square error (RMSE), the mean
deviation (RMD), the model efficiency (EF) and the coefficient of determination (CD) were used to
evaluate model performance on a global scale, a continental scale and for each wetland type. Because of
the limited number of sites in Africa and South America, we combined the two continents together.

Two simulations with the same RMSE values may not be considered equivalent because the
distribution of the error among the sources may not be the same (Allen and Raktoe, 1981). We further
analyzed the source of the model errors by decomposing it into three components: the mean bias from
the modeling procedure (Uw), the errors due to regression (Ugr) and the errors due to random disturbances
(Ug) (Allen and Raktoe, 1981). The detailed description and the equations used to calculate these

statistics are described in Supplementary Material S3.
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2.4 Model extrapolation

CH4MODetiand and the TEM were used to simulate the CH, emissions from global wetlands at a
spatial resolution of 0.5%0.5< We established spatially explicit data for climate, soils, vegetation, land
use and other environmental inputs at a 0.5<<0.5“spatial resolution to facilitate the models at the global
scale. Both process-based models were conducted for the period of 19802010 in each pixel to simulate
the temporal spatial variations in CH, fluxes. In this study, we focused only on the total CH4 emissions
for the period 2000-2010 because we assumed that the wetland map represented the distribution of
natural wetlands during this period. The total CH4 emissions from the natural wetlands, excluding the
lakes/rivers in each pixel, were calculated as the product of the CH,4 fluxes and the gridded wetland area.
To make an overall global/continental CH, emissions assessment, we evaluated the CH, emissions from
lakes/rivers using the IPCC Tier 1 method based on the CH4 emissions factor (IPCC, 1996) and the area
of lakes/rivers in each pixel.

We aggregated the gridded values and obtained the annual mean CH, emissions from each wetland
type and each continent by CH4MODetianda cOmbined with the IPCC Tierl method (hereafter referred to
as Method A) and the TEM combined with the IPCC Tierl method (hereafter referred to as Method B).
In addition, the two global assessments Method A and Method B, we made two other assessments of
global CH4 emissions by choosing the more accurate model (Method C and Method D). Based on the
model performance evaluation (Sect. 2.3), we found a more accurate model for each wetland type and
each continent. In the Method C approach, we chose the CH4 emissions from each continent simulated
by the more accurate model. In Oceania, we used the average simulated result by CH4MOD wetiand and
the TEM because there was no wetland site on this continent (Table 1). We summed the CH4 emissions
from all continents and made an assessment of the global CH4 emissions. In the Method D approach, we
chose the CH4 emissions from marsh, peatland, swamp and coastal wetlands simulated by the more
accurate model. The CH4 emissions from intermittent wetlands and nonspecific wetlands were used as
the average result by CHAMODetand and the TEM. The CH. emissions from lakes/rivers were based on
the IPCC Tier 1 method. We summed the CH4 emissions from all wetland types and assessed the global

CH, emissions.

10/36



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

3. Results

3.1 Model evaluation

3.1.1 Model evaluation for global wetland sites

Fig. 2 shows the correlation of the modeled versus observed total amount of seasonal/annual CH4
emissions by CH4MODwetiand (Fig. 2a) and the TEM (Fig. 2b). The regression of the observed versus
computed total seasonal/annual CH4 emissions by CH4MODetiand (Fig. 2a) resulted in an R? of 0.81,
with a slope of 1.17 and an intercept of -1.93 g m2 (n=58, p<0.001). The regression of the observed
versus computed total seasonal/annual CH4 emissions by the TEM (Fig. 2b) resulted in an R? of 0.68,
with a slope of 0.74 and an intercept of 4.77 g m™ (n=58, p<0.001). These results indicated that the
variations in the CH. emissions between sites and in different years could be delineated by both process-
based models.

The statistics of the model performance of seasonal/annual CH4 emissions (Table 2) indicated that
both process-based models had the capability to simulate seasonal/annual CH4 emissions from natural
wetlands on a global scale (EF=0.65 for CH4MODyetianda and EF=0.68 for the TEM). However, a
discrepancy still existed between the simulated and observed seasonal/annual CHs emissions
(RMSE=67.00% for CH4MODetiand and RMSE=63.58% for the TEM). For CH4MODetiand, the source
of the errors was mainly from the regression error and random error, while for the TEM, the errors were
mainly due to random disturbances (Table 2). Both models slightly overestimated the seasonal/annual

CH, emissions on a global scale, with RMD values of ~4% (Table 2).

3.1.2 Model evaluation for different continents

We further analyzed the model predictions by CH4MODyetanda and the TEM among different
continents (Fig. 3, Table 2). There was a good correlation between the simulated seasonal/annual CHy
emissions and the observed values on most of the continents by the two models. The R? varied between
0.35 (Fig. 3e) and 0.94 (Fig. 3¢) for CHAMOD yeiiana and between 0.26 (Fig. 3d) and 0.80 (Fig. 3h) for
the TEM. The CH4MOD\et1and model yielded more accurate predictions in Asia and North America, with
EFs of 0.93 and 0.57, respectively (Fig. 3b and 3a, Table 2), than in South America and Africa (EF <0 in

Table 2) (Fig. 3g). The TEM yielded more accurate predictions in North America and South
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America/Africa than CH4MODyetiand, With EF values of 0.76 and 0.53, but performed poorly in Europe
(EF <0 in Table 2). CH4MOD.iand underestimated the observed emissions (RMD = -12.64%) in Asia
and Europe (RMD = -29.91%) (Table 2). The TEM overestimated the CHs emissions in South
America/Africa (RMD=15.31%) and slightly underestimated the CH4 emissions in North America
(RMD=-2.86%) (Table 1). Random error was the main contributor to the model errors in Asia and Europe
in CH4MODyetand and in Asia, North America, and South America/Africa in the TEM (Table 2). However,

the regression error contributed most to the model errors in North America in CH4MOD yegiana (Table 2).

3.1.3 Model evaluation for different wetland types

Fig. 4 shows the regressions of the simulated values against the observed total amount of
seasonal/annual CH4 emissions from the different wetland types. Regression analysis indicated that both
models showed good performance in modeling seasonal/annual CH4 emissions from the peatland sites
(Fig. 4c and d). The TEM showed a better model efficiency and a lower RMSE and RMD than the
CH4MODyetiand (Table 2) for peatland. For the other wetland types, CH4MODyeyand showed good
performance in simulating the seasonal/annual CH4 emissions from coastal wetlands (EF = 0.72),
followed by marshes (EF = 0.22) and swamps (EF = 0.13) (Table 2). The TEM showed poor performance
for the marsh sites (EF = -0.42) and coastal wetlands (EF = -2.26) (Table 2); however, it showed good
performance for the swamp sites (EF = 0.74). There was no significant correlation (p>0.05) between the
modeled and observed seasonal/annual CH4 emissions from the marsh sites (Fig. 4b) and coastal wetland
sites (Fig. 4h).

The errors by CH4MODetiang Were mainly due to the regression error for marsh and peatland (Table
2). For coastal wetlands, the model bias contributed 24%, the regression error contributed 30%, and the
random error contributed 47% to the model errors (Table 2). The errors by the TEM were mainly due to

the random error in peatland and swamps (Table 2).

3.2 Global CHa4 emissions from natural wetlands

3.2.1 Spatial pattern of global CH4 emissions
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The distribution of the simulated annual mean CH;4 fluxes and total CH4 emissions for the period
2000-2010 showed similar patterns in CH4MODyetand and the TEM (Fig. 5). The simulated latitudinal
contributions of CH4 fluxes were consistent between the two models (Supplementary material S4, Fig.
5a and 5b). Large emissions were found in South America, southern Africa and the border of Canada and
the United States (Fig. Sc and 5d). The latitudinal sums of CH4 emissions indicated that the strongest
contribution came from the tropical zone (Fig. 5c and 5d). The latitudinal band of 10°S-0° contributed
22.77 Tg yr'! and 23.23 Tg yr' CHs in CH4MOD\yeuand and the TEM, which accounted for 22% and 18%
of the global emissions, respectively. A secondary large peak was simulated in the 40-50°N latitudinal
band, with a value of 14.64 Tg yr'! and 16.66 Tg yr'! CH4 according to CH4MODetand and the TEM,
respectively. Generally, both models simulated a common decline in CH4 emissions from lower latitudes
to higher latitudes (Fig. 5c and 5d). The largest peak in CH4 emissions was modeled in the 60-50°W
meridional band, with values of 11.63 Tg yr'! in CH4MODyeqana (Fig. 5¢) and 13.83 Tg yr! in the TEM
(Fig. 5d). This peak corresponded to the longitudes of the Amazon in South America. Both models
simulated secondary peaks in the 30-40°E meridional band (Fig. 5c¢ and 5d), which corresponded to the

longitudes of the Congo in Africa.

3.2.2 CH4 emissions from different continents and wetland types

Table 3 provides an overview of the CH4 emissions from different continents and wetland types
simulated by CH4MODyetianda and the TEM. A comparison of simulated CH4 fluxes from different
continents by CH4MODyi1and and the TEM showed that the three highest fluxes were modeled in South
America, Africa and Asia (Table 3). The TEM simulated higher CH4 fluxes in Europe than in North
America, but the CH4MODyeand simulations showed the opposite. For Oceania, the two models
simulated similar fluxes.

Both models simulated the same sequence of CH4 fluxes: swamp, marsh, intermittent wetland, no-
specific wetland, coastal wetland, and peatland (Table 3). The simulated annual mean CH4 fluxes from
intermittent wetlands were almost equivalent in both models. For other wetland types, the TEM simulated
higher CHy fluxes than the CH4MODyci1ana model (Table 3). Both models simulated peak emissions in
summer and lower emissions in winter for all wetland types except swamps (Fig. S1). Since large area

of swamps distributed in southern hemisphere (Fig. 1), higher and lower CH4 emissions were simulated
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during March to May and June to August, respectively (Fig. S1).

The global CH4 emissions simulated by the TEM were 29 Tg yr'! higher than those simulated by
CH4MODyetana (Table 3). This difference depended on the differences in the CHy4 fluxes and on the
wetland area. The simulated results showed that half of this difference was attributed to marshes. South
America contributed 30% to this difference because the simulated CH,4 fluxes differed greatly between
the TEM and CH4MODcqand (Table 3).

The two models simulated similar spatial distributions of the CH4 emissions among different
wetland types and continents (Table 3). Marshes emit higher CH4 fluxes and have the largest area. Thus,
marshes were the greatest contributor to global CH4 emissions and contributed 36%-39% to global CH4
emissions (Table 3). Lakes/rivers and swamps were the second and third contributors, respectively (Table
3). The CH4 emissions from peatlands, coastal wetlands, intermittent wetlands and no-specific wetlands
accounted for only approximately 20% of the global emissions (Table 3).

Although North America accounted for 36% of the global wetland area, it contributed only 22%—
23% to global emissions (Table 3). In contrast, the wetland area in South America accounted for 15% of
the global area and contributed 25%-26% to global CH4 emissions. Asia and Africa also accounted for
approximately 20% of global emissions. The lowest area and emissions were found in Oceania (Table

3).

3.2.3 Global CHs estimations

The global CH4 emissions for the period 2000-2010 were estimated to be 105.31+ 2.72 Tg yr'!' by
Method A and 134.31 = 0.84 Tg yr'! by Method B. Based on the evaluation of model performance (Table
2), CHAMOD etiand yielded the most accurate predictions for Asia and Europe, and the TEM yielded the
most accurate predictions for North America and South America/Africa. Using this combination, the
global CH4 emissions were estimated to be 124.74 + 1.22 Tg by Method C. Similarly, in Method D,
CH4MODyetiand Was used for simulations in marshes and coastal wetlands, and the TEM was used for
simulations in peatlands and swamps; as a result, the global wetland CH4 emissions were estimated to be

116.99 +2.23 Te.
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4, Discussion

4.1 Generality of CH4AMODuetiana and the TEM

A lack of correspondence between the model output and observations could be partly due to the
observed flux data, e.g., the inevitable gap-filling of missing data points to determine the seasonal/annual
total emissions (Kramer et al., 2002). The results showed differences between the observed and simulated
CHj4 emissions by both CH4MOD\eana and the TEM on a global scale (Fig. 2) and continent scale (Fig.
3) and for different wetland types (Fig. 4). The reliability of the observed flux data was not under
discussion in this study. We evaluated only the model accuracy and applicability across different wetland
types and continents.

On a global scale, both models fulfilled the criteria of sufficient accuracy for the ability to predict
CH,4 fluxes (Table 2). However, this fuzzy analysis may miss some real model performance. For the
model applicability on different continents, CH4MODy.and performed best in Asia, followed by North
America and Europe. It performed poorly in South America/Africa, where swamps are more common
(Table 2). The TEM performed best in North America, followed by South America/Africa and Asia. It
performed poorly in Europe (Table 2). Each continent has different main wetland types; thus, the model
applicability for different continents depended on its applicability for different types. CH4MOD yetiand 1S
suitable for marshes, peatlands and coastal wetlands, but it cannot be applied in swamps (Table 2). This
limitation may be because in CH4MODyeuand, only a semiempirical logistic model is used to simulate
plant growth (Li et al., 2010). This characteristic may induce large uncertainties in simulating the growth
of forests in swamps (Table 1). However, the TEM uses the carbon nitrogen dynamics module (CNDM)
to describe the effects of photosynthesis, respiration, decomposition and nutrient cycling on NPP (Melillo
et al., 1993). Compared with CH4MOD ettand, the TEM performed well in simulating NPP in various
vegetation types (Melillo et al., 1993). According to the model evaluation, the TEM was suitable for
swamps and peatlands but had large uncertainties in marshes and coastal wetlands (Table 2). This pattern
may be because the TEM focuses on two major wetland types: boreal tundra and forest wetland (Zhuang
et al., 2004). The biochemical processes in the TEM model may be suitable for peatlands (tundra) and
swamps (forest wetland) but not suitable for marshes. For coastal wetlands, the TEM did not consider

the inhibition of salinity on CH4 production (Poffenbarger et al., 2011; Bartlett et al., 1987) and greatly
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overestimated the CH4 fluxes (Table 2). CH4MODyetand introduced the influence of salinity on CH4

production and had good performance for coastal wetlands (Table 2).

4.2 Reducing uncertainties in global estimations

The estimates of global wetland CH4 emissions had large ranges in previous studies (Zhu et al.,
2015). The estimates by process-based models ranged from 92 Tg yr! (Cao et al., 1996) to 297 Tg yr!
(Gedney et al., 2004) during the period of 1980-2012. Recently, an ensemble of process-based models
driven by the same climatic data has commonly been used to estimate global wetland CH4 emissions
(Melton et al., 2013; Kirschke et al., 2013; Poulter et al., 2017; Saunois et al., 2016). However, the
uncertainties in the model mean estimation range from 12% (Poulter et al., 2017) to 40% (Melton et al.,
2013). The uncertainty mainly comes from the wetland distribution and model structure and parameters
(Saunois et al., 2016). Estimating accurate wetland extent and its seasonal and annual variations is a
major challenge in present studies. The global estimations of wetland area ranged from 4.3 M ha to 12.9
M ha during the period of 1990 to 2005 (Melton et al., 2013). The wetland extent of 9.2 M ha from the
GLWD excluded water bodies, and this value was ~40% higher than the wetland area used in this study.
That is, this difference was the main reason for the lower global estimations determined in this study than
those reported in previous works (Zhu et al., 2015; Melton et al., 2013; Poulter et al., 2017; Saunois et
al., 2016). Improving the accuracy of wetland extent and temporal variations is important in reducing
uncertainties in global wetland CH4 estimations.

In addition to wetland area, the model structure and parameters accounted for ~70% of the total
uncertainties (Saunois et al., 2016). The results of the accuracy analysis showed that for CH4MOD yeiand,
regression bias accounted for 61% of the model errors in peatland, and mean bias accounted for 22% of
the RMSE in swamp; for the TEM, mean bias and regression bias accounted for 29% and 42%,
respectively, of the model errors in coastal wetland (Table 2). This result indicated that there were still
uncertainties in the modeling procedure, e.g., in the model mechanism or in parameterization (Zhang et
al., 2017; Allen and Raktoe, 1981). In the existing process-based models, which are not limited to
CH4MODyetiand and the TEM, some important procedures should be focused on to reduce the bias due
to the model mechanism. For example, the mechanism of the freeze-thaw cycle is important in process-

based models (Wei and Wang, 2017) because of the large contribution of CHjy released during the
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nongrowing season in some frozen regions (Friborg et al., 1997; Huttunen et al., 2003; Mastepanov et
al., 2008; Zona et al., 2016). In addition, quantifying CH4 ebullition is important but difficult due to the
uncertainty in estimates of CH4 emissions from peatlands (Stanley et al., 2019). Moreover, although the
importance of plants in CHs4 biogeochemical processes has been reported in many studies, better
modeling and characterization of plant community structure is needed (Bridgham et al., 2013). Finally,
most of the present process-based models do not have the ability to simulate CH4 exchange from water
bodies, such as lakes, rivers and reservoirs, although such water bodies contribute significantly to the
global budget (Deemer et al,, 2016). The use of the IPCC Tier method inevitably induces large
uncertainties in the global estimates. The above mechanisms should be incorporated into existing
process-based models to reduce the uncertainties in the current assessment.

The observational data related to processes of and controls on CHs production, consumption, and
transport also limit the model calibration and validation. The flux data of 43 wetland sites used for model
performance in this study are quite limited and do not represent all climatic, soil, hydrologic and
vegetation conditions across global natural wetlands (Table 1). The observations in this study used both
the chamber method and the eddy covariance method (Aubinet et al., 2012), which are widely used for
CHj observations (Table 1). There are differences in measuring CHy fluxes between the two methods
(Chaichana et al., 2018). The eddy covariance method may underestimate the fluxes (Twine et al., 2000;
Sachs et al., 2010), while the chamber method may overestimate the fluxes (Werle and Kormann, 2001).
These differences may introduce uncertainties to model calibration and validation. Furthermore, both
process-based models were evaluated on an annual basis rather than on a daily scale. The validation of
seasonal variation was not performed in this study, partly because we cannot obtain the daily step data
for some of the sites. Fine temporal validation against more flux datasets, especially fluxes by eddy
covariance experiments, and intermediate variables that control the CH4 process are necessary in future

studies (Wei and Wang, 2017).

5. Conclusion

Two process-based models, CH4MODyetand and the TEM, were used to simulate annual CH4
emissions from different wetland types and continents, and their performances were evaluated. Model

validation showed that both models could simulate variations between different wetland sites and years.
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The statistical analysis of model performance showed that CH4MODetiand Was capable of simulating
CH,4 emissions from marshes, peatlands, swamps and coastal wetlands, while the TEM was capable of
simulating CH4 emissions from peatlands and swamps (model efficiency > 0). CH4MODetiand performed
well in Asia, Europe and North America, while the TEM performed well in North America, Asia, South
America and Africa. The models were then used to estimate global wetland CH. emissions. The CHa
simulations of both models had good agreement in terms of the latitudinal and meridional bands. The
global CH4 emissions for the period 2000-2010 were estimated to be 105.31+ 2.72 Tg yr'! by
CH4MODyeiand and 134.31 + 0.84 Tg yr! by the TEM. If we used a more accurate model to estimate
each continent/wetland type based on the models’ generality, the estimated global CH4 emissions were
116.99-124.74 Tg yr* for the period 2000-2010. The uncertainty in global wetland CH, assessments by
the process-based model approach comes from the inaccuracy of the wetland mapping area, the modeling
procedure and the observational limitations. Future research on accurately mapping wetlands, improving
model mechanisms and parametrization and using more observations to evaluate model performance

would improve global estimations.

Code and data availability.

The TEM and CH4MODyegand model code and model data sets (input data and model results) are
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Table 1. Description of observation wetland sites

ID

Wetland Name, Continent

Location

Wetland Type

Plant Species

Observation Period

Reference

1
2
3
4

(83}

© 00N O

11
12

13

14

15
16
17

18

19

20

21

Northeast Siberia, Russia, EU

Northeast Siberia, Russia, EU
Northeast Siberia, Russia, EU

Northeast Siberia, Russia, EU
Zackenberg, Greenland, EU

Abisko, Sweden, EU

Kaamanen, Finland, EU
Sanjiang Plain, China, AS &
Ruoergai Plateau, China, AS

Wuliangsu Lake, China, AS &
Haibei alpine marsh, China, AS
Zhalong Wetland, China, AS

Liao River delta, China, AS

Chongming Island, China, AS &

Guangzhou, China, AS
Haikou, China, AS
Sarawak, Malaysia, AS &

Kalimantan, Indonesia, AS
Congo River basin, Congo, AF
Congo River basin, Congo, AF

Pantanal, Brazil, SA

72°22'N, 126°28'E

71°30'N, 130°00'E
68°30'N, 161°24'E

70°50'N, 147°29'E

74°30'N, 21°00'W

68°22'N, 19°03'E

69°08'N, 2717E
47°35'N, 133%31'E
32°47'N, 102°32'E
40°47"-41°03' N,
108°43-108°57' E
37°29'N, 101°12'E
46°52'N-47°32'N,
123°47'E-124°37E
40°4041°25'N,
121°35"-122°55'E
31°15'N, 121°30'E

23°01'N, 113°46'E
19°51"N, 110°24' E
2°49'N, 111°51'E
2°20'S, 113°55'E
4°00'S—-0°00",
14°00"-18°00'E
0°00'—4°00'N,
14°00"-18°00'E
19°30'S, 57°00'W

Peatland @

Peatland @
Peatland @

Peatland @

Peatland

Peatland @

Peatland
Marsh
Peatland

Marsh
Marsh
Marsh

Coastal

Coastal ®

Coastal ©
Coastal ©
Swamp

Swamp
Swamp
Swamp

Marsh

Carex spp., Limprichtia revolvens, Meesia longiseta

Eriophorum, Carex spp., Sphagnum spp., Salix spp.
Larix, Alnus spp., Betula spp., Salix spp.

Betula nana, Salix pulchra dwarf shrubs, sedge, Sphagnum
Cassiope tetragona, Salix arctica

Eriophorum angustifolium, Carex spp.

Shrubs, Carex spp., moss, etc.
Carex lasiocarpa, Deyeuxia angustifolia

Carex muliensis, Carex meyeriana
Phragmites australis
Carex allivescers

Phragmites australis
Phragmites australis

Scirpus

Aegiceras corniculatum etc.
Bruguiera sexangula
Flooded forest®

Shorea balangeran
Flooded forest®
Flooded forest®

Paspalum repens

1999.5-1999.9
2003.7-2004.7 *
1993.7-1993.8

1995.7-1995.8

2008.7-2008.8
2009.6-2009.8 *
1996.6-1996.8
1999.7-1999.8
2000.7-2000.8
1974.6-1974.9
20082009 *
1998.4-1999.4

2002.6-2005.11
2001.4-2001.10

2003. 4-2003.10
2002.7-2002.9
2009.5-2009.10

1997.4-1997.11

2004. 5-2004.12
2011.2-2011.12

2005.3-2005.12 "
1996.1-1997.12 "
2002.8-2003.7

1994.9-1995.9
1988 *
1988 *

1998.1-1998.12

Wagner et al., 2003
Wille et al., 2008

Nakano et al., 2000
Nakano et al., 2000

Parmentier et al., 2011

Christensen et al., 2000;
Joabsson and Christensen,
2001
Svensson and Rosswall, 1984
Olefeldt et al., 2012
Aurela et al., 2002

Hao, 2006; Song et al., 2008
Wang et al., 2002
Duan et al., 2005
Hirota et al., 2004

Huang et al., 2011
Huang et al., 2005

Lietal., 2014

Kang et al., 2008
Ye et al., 2000

Melling et al., 2005

Page et al., 1999;
Jauhiainen et al., 2005

Tathy et al., 1992

Tathy et al., 1992

Alval&and Kirchhoff, 2000;
Melack et al., 2004
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22 Lago Calado, Brazil, SA 3°15'S, 60°34'W Swamp Flooded forest® 1985~ Crill et al., 1988
- 5°00'S-0°00", $ "
23 Central Brazilian Amazon, SA 50°00_70 °00'W Swamp Flooded forest 1985 Devol et al., 1988
24 Negro River basin, Brazil, SA  0°17'S, 63°34'W Swamp Emergent sedge, shrub, palm 2005.1-2006.1 * Belger et al., 2011
25 Alaska bethel, USA, NA 60°45'N, 161°45'W  Peatland 2 Empetrum nigrum, Carex aquatilis, Sphagnum spp. 1988.7-1988.8 Bartlett et al., 1992;
26 Alaska bethel, USA, NA 61°5'N, 162°1'W Peatland @ Empetrum nigrum, Carex aquatilis, Sphagnum spp. 1988.7-1988.8 Fan et al., 1992
27 Alaska Prudhoe Bay, USA, NA 70°30'N, 149°00'W  Peatland 2 Sphagnum spp. 1984 " Sebacher et al., 1986
1987.6-1987.10
28  Alaska arboretum, USA, NA  64°52'N, 147°51'W  Peatland 2 Eriophorum vaginarum, Carex spp., Sphagnum spp. 1988.6-1988.10  Whalen and Reeburgh, 1992
1989.6-1989.10
1994.5-1994.9 Suyker et al., 1996;
& o ogAr 1 ’
29  Saskatchewan, Canada, NA 53°57'N,105°57'W  Peatland Buckbean-Carex spp. 1995.5-1995.10 Sellers et al., 1997
30 Michigan, USA, NA 42°27'N, 84°01'W Peatland Scheuchzeria palustris, Carex oligosperma 1991.1-1993.12 Shannon et al., 1996
1990.6-1990.8 -
31 Toolik Lake, USA, NA&  68°38'N,149°38'W  Peatland 2 Eriophorum, Carex spp. 1092.6-1992.8 iz, Lo
Schimel et al., 1994, 1995
1993.5-1993.9
51°18-51°31'N,
32 Hudson Bay, Canada, NA 80°28'_80°38"W Peatland Larch, Black spruce, Sphagnum spp. 1990.6-1990.10 Moore et al., 1994
33 Quebec, Canada, NA 54°48'N, 66°49'W Peatland Carex spp. 1989.6-1989.9 Moore et al., 1990
34 Mississippi, USA, NA 34°24'N, 89°50'W Marsh Carex hyalinolepis, Hydrocotyle umbellata, Festuca obtusa  2005.5-2006.7 Koh et al., 2009
35 Sherman Island, USA, NA 38°2'N,121 45'W Peatland Hordeum murinum L., Lepidium latifolium L. 2009.4-2011.4 Hatala et al., 2012
36 Marcell forest, USA, NA 47°30'N,9329'W Peatland Carex spp., sphagnum moss, Eriophorum chamissonis, etc. 2009-2010 * Olson et al., 2013
37 Mer Bleue peatland, Canada, NA 45°41'N,75<%48'W Peatland Chamaedaphne calyculata, Ledum groenlandicum, etc. 1999-2010 ~ Moore et al., 2011
38 Sag riverside, Alaska, NA  69<30'N, 148<13' W Peatland 2 Vascular plant, moss and a few short shrubs 1996.6-1996.9 * Harazono et al., 2006
39 Happy valley, Alaska, NA  69<10'N, 14851'W  Peatland 2 Sphagnum moss, sedge 1995.6-1995.9 Harazono et al., 2006
40 Churchill Manitoba, Canada, NA 58<40'N, 93 50'W Peatland Carex aquatilis, Eriophorum spp., etc. 2008-2010 * Hanis et al., 2013
41 Northen Alaska, USA, NA 71°17'N, 156°36'W  Peatland Moss, Carex aquatilis, Eriophorum vaginatum, etc. 2007.6-2007.8 * Zona et al., 2009
42 Alberta, Canada, NA 54°57'N, 112°28'W  Peatland Picea mariana, Larix laricina, shrub etc. 2007.5-2007.9 * Long et al., 2010
43 Great Dismal Swamp, USA, NA  35%4'N, 76 D9E Swamp Taxodium distichum, Nyssa sylvatica, etc. 2007.7—-2009.6 * Morse et al., 2012

* We used the reported average yearly CHs flux of the experimental year/period from the literature.
& Wetland sites used for calibration.
$ These swamp sites do not have plant species information in the literature.
aTundra.

b Tidal marsh.
¢ Mangrove.
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Table 2. Model performance for CH4MODwetiand and the TEM for different continents and wetland types

Wetland type/Continent O L0 i L n
R? RMSE RMD EF CD Um Ur Ug R? RMSE RMD EF CD Um Ur Ug

North America 0.82 7537 -1.96 0.57 0.49 0.04 0.61 0.39 080 5622 -2.86 0.76 1.59 0.00 0.03 0.97 28

Asia 094 5579 -12.64 093 0.96 0.28 0.02 0.70 026  72.56 1.71 0.32 1.93 0.00 0.03 0.97 11

Europe 035 6269 -32.60 0.15 1.13 0.27 0.03 0.69 NS 161.33 2939  -4.65 0.34 0.03 0.84 0.13 13

South America/Africa NS 5732 3952 -0.80 0.67 0.48 0.07 0.45 059 2933 13.13  0.53 222 0.13 0.04 0.83 6

Marsh 0.75 2944  0.52 0.22 0.37 0.00 0.73 0.27 NS 39.76  -18.77 -0.42 0.95 0.22 0.17 0.61 8

Peatland 0.83 8226 -104 0.57 0.49 0.02 0.61 0.38 0.70  69.45  7.96 0.69 1.14 0.01 0.03 0.96 39

Swamp 0.50 7428 43.07 0.13 0.54 0.34 0.19 0.47 0.76  40.76 19.02 0.74 1.27 0.22 0.03 0.75 7

Coastal wetland 0.80 5546 -2697 0.72 2.09 0.24 0.30 0.47 NS 188.26 101.00 -2.26 0.35 0.29 0.42 0.29 4

Global 0.81 67.00 4.28 0.65 0.59 0.00 0.45 0.54 0.68  63.58 4.63 0.68 1.46 0.01 0.01 0.98 58

NS represents no significant correlation
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903 Table 3. CH4 simulations by CH4MODectiana and the TEM for different continents and wetland types. All units are Tg CH4 yr™! & 10, where the standard deviation represents the
904  interannual variation in the model estimates.

905

906 Conti CH4 Flux (g m? yr'!) CHs Emissions (Tg) " )

907 ontinent/Wetland type —Fravion i TEM CH4MOD wetiand TEM Area (107 km’)

908 Asia 2327 +0.67 25.78 +0.14 2537+0.73 28.81+0.15 109.04

909 Africa 27.64 + 1.55 33.92+0.27 21.12+1.18 25.91+0.20 76.39

910 N. America 11.48 +0.47 14.10 £ 0.18 2438 + 1.00 29.95+0.38 212.35

011 S. America 29.61 +0.52 39.91 +0.54 26.24 + 0.46 35.36 + 0.48 88.60

Europe 7.77+0.11 16.04 + 0.28 6.48 +0.09 13.38 +0.23 83.40

912 Oceania 12.08 +2.52 11.31£0.57 1.72 +0.27 1.61 +0.06 14.23

913 Lake, river * 15.57 15.57 27.32 27.32 175.46

914 Marsh 28.64 + 1.06 39.60 +0.28 37.47 £1.39 51.80 +0.37 131.61

915 Peatland 1.99 +0.09 9.87+0.27 0.42 +0.02 2.06 +0.06 21.00

916 Swamp 31.58 +0.57 4559 +0.91 17.37+0.32 25.08 +0.50 55.34
Coastal wetland 9.44 +£0.25 11.63 £0.14 2.85+0.08 3.51+0.04 30.32

917 Intermittent wetland 18.49 +2.08 18.29+0.19 5.81 +0.65 5.75 £0.06 31.60

918 No-specific wetland 10.21 £0.68 13.63 £ 0.25 14.07 £0.93 18.79 £ 0.34 138.67

919 Global 18.03 + 0.49 23.00 +0.15 105.31+2.72 134.31 +0.84 584.00

920 "IPCC Tier 1 method was used to estimate the CH4 emissions from lakes and rivers. The CH4 emission factor was from the IPCC (1996).

921

922

923

924

925

926

927

928

929

930

931

932

933

934
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936 Figure 1: Wetland site distribution (Table 1) and global wetland maps of GLWD-3 (Lehner and Déll, 2004).
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Figure 2: Regression of simulated against observed total amount of seasonal/annual CH4 emissions from
global wetland sites by CH4MODwetiana (2) and the TEM (b). The horizontal bars are the standard errors from
the sampling replicates at the wetland site. The red line is the regression line of simulated vs. observed between
modeled and observed values. The blue line is the prediction correspondence. The dashed line is the 1:1 line.
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Figure 3: Regression of simulated against observed total amount of seasonal/annual CH4 emissions from
North American wetland sites by CH4MODwetiana (a) and the TEM (b), from Asian wetland sites by
CH4MODyetiand (¢) and the TEM (d), from European wetland sites by CH4MODwetiana (€) and the TEM (f),
and from South American and African wetland sites by CH4MODwetiana (g) and the TEM (h). The horizontal
bars are the standard errors from the sampling replicates at the wetland site. The blue line is the prediction
correspondence. The dashed line is the 1:1 line.
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1026
1027 Figure 5: Spatial pattern of annual mean CHj4 fluxes for 2000-2010, with latitudinal and longitudinal distributions of annual mean CH4 fluxes by CH4MODywetiana (2) and the TEM (b).

1028 Spatial pattern of annual mean CH4 emissions for 2000-2010, with latitudinal and longitudinal distributions of annual mean CH4 emissions by CH4MODyetiana (¢) and the TEM (d).
1029 The CHs fluxes and emissions are aggregated in steps of 10°.
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Supplementary material S1 Model calibration of CH4MODwetiand

We used the independent datasets from the literature and the field measurements for model
calibration. The vascular plants provide an effective mechanism by which CH, can be transported to the
atmosphere (Chanton et al., 1992; Schimel, 1995; Shannon et al., 1996). According to previous study
(Walter et al., 1996; Zhang et al., 2002), grasses and sedges are good gas transporters, but shrubs and
trees are poor ones. Tyeq ranges from O (plants without aerenchyma) to 1 (plants with well-developed
aerenchyma). For herbaceous plants and woody plants, f, was the average value of several observed
proportion of BNPP to the total NPP derived from the data sets compiled from the amount of literatures
(Gill and Jackson, 2000; White et al., 2002). Fy was calculated by the initial concentrations of nitrogen
and lignin (g kg™?) in the plant litter (Li et al., 2010). The nitrogen and lignin concentration of the above-
ground and below-ground litter for grass and forest were from the global data set developed by the Oak
Ridge National Laboratory Distributed Active Archive Center (ORNL-DAAC) (White et al., 2002;
Gordon and Jackson., 2003). VI and P are calibrated using the CH4 measurements from three wetland
sites (Table 1). CH4 measurements from the Sanjiang Plain, China in year 2002 (Hao, 2006; Song et al.,
2009; Yang et al., 2006) and from the Wuliangsu lake, China in year 2003 (Duan et al., 2005) were used
to make calibration for the wetland dominated by the herbaceous plants. CH4 measurements from
Sarawak, Malaysia (Table 1) (Melling et al., 2005) in year 2002 were used to make calibration for the
wetland dominated by the woody plants. The calibration was done by running CH4MODetiang for the
observation period driven with the local climate, soil and vegetation data at each site. By setting the
increment of 0.1 for V7 and P, the model was run for all combinations of VI within the range of 0.5-3.0
and P, within the range of 0.1-1 until the root-mean-square error (RMSE) between the daily simulated
and observed CH,4 fluxes was minimized. After setting VI and P,,, the empirical constant of the salinity
influence (a) is calibrated as -0.025 by minimizing the RMSE between observed fluxes and simulated
fluxes at the coastal wetland in Chongming island, China in year 1997 (Li et al., 2016) . Table 2 shows
the main parameter values for different wetland types. Site-level parameters were extrapolated to the
0.5<0.5pixel of the global natural wetland map.
Supplementary material S2 Model calibration of TEM
Supplementary material S2 Model calibration of TEM

In this study, the vegetation and soil data sets were used to assign vegetation- and soil-specific

parameters to each grid cell globally. The methane emission in wetland simulated in TEM was mainly
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controlled by the following parameters, which include the ecosystem-specific maximum potential CH4
production rate (Mgo), the dynamic Q1o coefficient indicating the dependency of CH4 production to soil
temperature (Do1o), the reference temperature used in the Q1o function for simulating the effects of soil
temperature on methanogenesis (Trer), and maximum daily NPP for a particular ecosystem (MaxFresh).
These parameters are calibrated using the CH4 measurements from 5 sites (Table 1). CH4 measurements
from Toolik Lake, USA in year of 1992 and 1993 (Schimel et al., 1994; 1995), from Saskatchewan,
Canada, in year of 1995 (Sellers et al., 1997), from the Sanjiang Plain, China in year 2002 (Hao, 2006;
Song et al., 2009; Yang et al., 2006), from Sarawak, Malaysia (Melling et al., 2005) in year 2002, from
the coastal wetland in Chongming island, China in year 1997 (Li et al., 2016) was used to calibrate
parameters for tundra, peatland, marsh, swamp and coastal wetland. We used the Monte-carlo approach
to calibrate parameters for each wetland type (Zhuang et al., 2004). Specifically, the intervals of each
parameter were firstly determined according to the former studies (Lu and Zhuang, 2012; Zhu et al.,
2013; Zhuang et al., 2004). Then, the parameters were randomly sampled within the intervals based on
uniform distribution. Consequently, the CH4 emission simulated by TEM with these parameters was
compared with the observed by using the coefficient of determination and RMSE. These steps were
repeated 5000 times to obtain the set of optimized parameters which made the model simulation closest

to the observation. (Table S2 described the main parameter values of TEM model)

Supplementary material S3: Equations used to calculate the statistics

The RMSE was used to measure the coincidence between the measured and the modeled values.
The RMD was calculated to evaluate the model for any systematic bias (Brisson et al., 2002). A positive
EF value indicates that the simulated values describe the trend in the measured data better than the mean
of the observations, while a negative value indicates that the simulated values describe the data less well
than the mean of the observations (Smith et al., 1997) The CD is a measure of the proportion of the total
variance in the observed data that is explained by the predicted data (Smith et al., 1997).

We first calculated RMSE as follows:

i, (Pi—0:)?
n

RMSE = % (1)



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

where O represents the average value of the observations. P; and 0; represent the simulated and

observed values, respectively. n represents the number of observations.

We then decomposed the RMSE into three components:
TSP = 07 = (P = 0)” + (Sp = 750)* + (1~ )8,
where P is the mean modeled value, and
Sp? = Tia(P = PY?

) _
So? =2 31(0; — 0)?

— ?:1(Pi_13)(0i_6)
{Z(P;—-P)? £(0;-0)2}1/2

2

€)

“4)

)

The first component, (P — 0)?%, measures the bias in the simulation procedure. In this study, if the

simulation consistently overestimates or underestimates the CH,4 fluxes, this component will have a large

value. If the value of the second component, (Sp — 7S,)?, is zero, the regression between the simulated

and observed CHj fluxes has a slope of 1. This component often occurs in subjective forms of simulation

where the simulations are biased upward if the observed CH4 fluxes are low but are biased downward

when the observed CHy fluxes are high. The third component, (1 —12)S,?2, can be considered to be a

measure of the error due to random disturbances.

Finally, we normalized the above components by dividing each component by % (P —0)%

The ultimate proportions of the errors were thus defined as:

(P-0)?
Uy = —————
M Iym (p-0p)?

(Sp-750)*
Ug = o220
R7 Isn (pi-0p)?
U, = (1-r%)so?

-1
SIL, (Pi-0))?

And hence

(6)

(7

®)

©



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

RMD, EF and CD were calculated as follows:

100 P;—0;
RMD = TZQLIT (10)
TR (Pi—0)?
EF=1- m (11)
_ IR.(0i-0)?
CD = oy (12)

Supplementary material S4 Spatial pattern of annual mean CH4 fluxes

The simulated latitudinal contributions of CH4 fluxes were consistent between the two models (Fig.
Sa and 5b). Large fluxes were modeled in tropical regions. CH4MOD yetiand Simulated a peak flux of 30.18
g m? yr'! in the 10°S—0° latitudinal band, followed by fluxes over 20 g m yr! in the 20°-10°S latitudinal
band and 0°-20°N latitudinal band (Fig. 5a). A peak flux of 30.61 g m? yr'! was simulated in the 0°—
10°N latitudinal band, followed by fluxes over 20 g m™ yr! in the 20°S—0° latitudinal band and 10°—
20°N latitudinal band (Fig. 5b). Lower fluxes under 15 g m? yr' were modeled in the 40°-80°N
latitudinal band by CH4MOD eiiand and in the 50°N—-80°N latitudinal band by the TEM (Fig. 5a and 5b).
The simulation of meridional annual mean CH4 fluxes showed the largest peak at approximately 60°—

80°W and a secondary large peak at approximately 20°-30°E (Fig. 5a and 5b).



Table S1 Environmental conditions of wetland sites

B I remlm G BB gaeer e

1 -13.6 319 -10.0 - 2.64,3.15 Chamber & EC Wille et al., 2008; Wagner et al., 2003
2 -134 200 No data - 1.26 Chamber Nakano et al., 2000

3 -12.4 200 11.8 -- 8.40 Chamber Nakano et al., 2000

4 -10.5 220 2.0-15.0 2.63,2.27,1.42 EC Parmentier et al., 2011

5 -10.3 223 -45.0-4.0 - 9.55, 6.70, 9.07 Chamber Christensen et al., 2000; Joabsson and Christensen, 2001
6 -0.2 263 -35.0-3.0 - 0.45 Chamber Svensson et al., 1999

7 -2.2 397 -3.6-7.0 - 5.50 EC Aurela et al., 2002

8 2.3 600 5.3 - 28.10, 53.20, 55.00 Chamber Song et al., 2008; Song et al., 2009
9 7.3 650 0.9 -- 11.65 Chamber Wang et al., 2002

10 17.7 188 46.0 - 63.30 Chamber Kang et al., 2016; Duan et al., 2005
11 12.3 490 14.3 - 15.20 Chamber Song et al., 2015; Hirota et al., 2004
12 12.7 625 27.0 - 30.20 Chamber Huang et al., 2011

13 10.9 625 18.0 7.2 3.81 Chamber Huang et al., 2005

14 18.1 1004 7.0 6.9 6.52, 8.29, 5.05 Chamber Gao et al., 2010; Li et al., 2014

15 22.8 1582 15.7 12.5 25.37 Chamber Kang et al., 2008

16 24.5 1670 0.0 15.2 0.91 Chamber Ye et al., 2000

17 27.4 2015 -44.0 -- 0.01 Chamber Melling et al., 2005

18 25.5 2528 -80.0 - 20.0 - 1.36 Chamber Jauhiainen et al., 2005

19 20 1500 -20.0 — 40.0 - 32.00 Chamber Coynel et al., 2005; Tathy et al., 1992
20 20 1500 -20.0 — 40.0 - 16.00 Chamber Tathy et al., 1992; Coynel et al., 2005
21 No data No data No data - 49.00 Chamber Alval&and Kirchhoff, 2000; Melack et al., 2004
22 No data No data No data - 69.00 Chamber Crill et al., 1988

23 No data No data No data - 40.00 Chamber Devol et al., 1988

24 No data No data 0.0-130.0 - 29.20 Chamber Belger et al., 2011

25 -1.4 406 No data - 3.70 Chamber Bartlett et al., 1992

26 -1.4 406 No data - 0.49 EC Fan etal., 1992




27 No data No data No data -- 11.20 Chamber Sebacher et al., 1986
28 No data No data -10.0-15.0 - 3.50, 5.10, 4.80 Chamber Whalen and Reeburgh, 1992
= o Suyker et al., 1996;
29 12.8 3240 No data -- 21.70 EC Sellers et al.. 1997
30 No data No data No data -- 37.00, 37.00, 55.00 Chamber Shannon et al., 1996
z m Christensen, 1993;
31 15.1 126 No data - 3.35 Chamber Schimel et al., 1994: 1995
32 10.8% 479% -35.0 — 100.0 . 457 Chamber Moore et al., 1994
33 No data No data -80.0 - 20.0 == 7.18 Chamber Moore et al., 1990
34 No data No data 4.0-25.0 -- 47.7,38.8 Chamber Koh et al., 2009
35 15.1 335 -80.0 — -50.0 Be 4.4 EC Hatala et al., 2012
36 3.7 584 -14.0-24.0 - 15.73, 16.00 EC Olson et al., 2013
37 6.0 +0.8 943 -65.0 — -28.0 = 8.00 EC Moore et al., 2011
38 No data No data 15.0 - 20.0 Be 3.24 EC Harazono et al., 2006
39 No data No data No data -- 8.10 EC Harazono et al., 2006
40 3.0 344 -15.0 -20.0 -- 13.04, 9.26, 12.13 EC Hanis et al., 2013
41 No data No data -13.0-10.0 -- 1.48 EC Zona et al., 2009
42 2.1 504 -62.0 —-38.0 -- 3.20 EC Long et al., 2010
43 16.6 1330 -50 — 60.0 = 3.47 EC Morse et al., 2012
* May to October
" Summer period

&June to October



Table S2 Parameters of CH4MODyetiand for global simulation

Parameter Description A B C References
Vi Vegetation index 2.4 1 1 This study
Tveg The fraction of plant mediated transport was available 1 1 0.1  Walter and Heimann, 2000
Pox The fraction of CH4 oxidized during plant mediated transport 0.5 0.9 0.9 This study
fr Proportion of below-ground NPP to the total NPP 0.5 0.5 0.45 Gill and Jackson,
2000;White et al., 2002
FN shoot Fraction of nonstructural component in above-ground litter 0.8 0.8 0.3  White et al., 2002;Gordon
and Jackson., 2003
FN root Fraction of nonstructural component in below-ground litter 0.5 0.5 0.2 White et al., 2002
A for the wetland dominated by herbaceous plant calibrated by CH4 measurements from the Sanjiang plain, China,
year 2002.

B for the wetland dominated by herbaceous plant with high productivity (annual aboveground biomass >1000 g m™
yr'!), calibrated by CHs measurements from the Wuliangsu lake, China.
C for the wetland dominated by woody plant, calibrated by CHs measurements from Sarawak, Malaysia.



Table S3 Parameters of TEM for global simulation

Parameter Description Prior interval Optimized value Unit
Tundra  Marsh  Swamp Coastal wetland  Peatland
Mco Maximum potential CHa4 [0, 2] 1.45 1.03 0.8 0.10 0.48 umol L™ h!
production rate
Do1o Dependency of CH4 production [1, 6] 1.11 1.07 2.82 1.60 1.45 unitless
on soil temperature
TREF Reference temperature in Q1o [-6, 2] -3.13 1.98 1.55 0.72 -3.41 °C
function
MaxFresh Maximum daily NPP for a [2,20] 12.03 8.70 8.83 4.97 11.73 gCm2day?

particular ecosystem
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Fig. S1 Simulated seasonal patterns of CHs emissions by CH4MODyetiand (2) and TEM (b) based on

the average monthly CH4 emissions from 2000-2010.
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