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Abstract

:

Wetlands are an important natural source of methane (CH4), so it is important to quantify how their emissions may vary under future climate change conditions. The Qinghai–Tibet Plateau contains more than a third of China’s wetlands. Here, we simulated temporal and spatial variation in CH4 emissions from natural wetlands on the Qinghai–Tibet Plateau from 2008 to 2100 under Representative Concentration Pathways (RCP) 2.6, 4.5, and 8.5. Based on the simulation results of the TRIPLEX-GHG model forced with data from 24 CMIP5 models of global climate, we predict that, assuming no change in wetland distribution on the Plateau, CH4 emissions from natural wetlands will increase by 35%, 98% and 267%, respectively, under RCP 2.6, 4.5 and 8.5. The predicted increase in atmospheric CO2 concentration will contribute 10–28% to the increased CH4 emissions from wetlands on the Plateau by 2100. Emissions are predicted to be majorly in the range of 0 to 30.5 g C m−2·a−1 across the Plateau and higher from wetlands in the southern region of the Plateau than from wetlands in central or northern regions. Under RCP8.5, the methane emissions of natural wetlands on the Qinghai–Tibet Plateau increased much more significantly than that under RCP2.6 and RCP4.5.
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1. Introduction


Methane (CH4) is the second most abundant anthropogenically directly influenced greenhouse gas after carbon dioxide (CO2) in the atmosphere. Since the industrial revolution, atmospheric CH4 concentration has more than doubled, with an average annual increase of 0.8% to 1.1% [1]. CH4 accounts for about 20% of the warming induced by long-lived greenhouse gases since pre-industrial times, and its emission forces radiation of 0.97 W·m−2 (range, 0.79–1.2 W·m−2) [2]. During the 1980s, atmospheric CH4 concentration increased at an annual rate of 1%, while this rate decreased to 0.7% in the 1990s [3]. In the late 1990s, atmospheric concentration of CH4 showed an increasing rate of zero and remained almost constant from 1999 to 2006. The globally averaged dry mole fraction of methane has increased rapidly since 2007 [4,5], and its growth even accelerated in 2014 [6,7], with an annual growth rate of 12.7 ± 0.5 ppb [6]. The reason for the rapid methane growth in the atmosphere is currently under debate and discussed in several studies [5,8,9,10]. The abnormal change of CH4 concentration has attracted wide attention all over the world, so it has important theoretical and practical significance for the future research of CH4 emissions.



CH4 from wetlands accounts for 70% of all natural CH4 emissions and 24.8% of global CH4 emissions [11]. About 10% of the world’s wetlands lie in China, where they occupy 304,849 km2 and contribute 1.2–3.2% of global CH4 emissions from wetlands [12]. More than a third of China’s wetlands lie on the Qinghai–Tibet Plateau [13], the world’s highest plateau with an average elevation of 4000 m. The unique geographical location and climatic conditions of the Qinghai–Tibet Plateau mean plenty of annual sunlight and slow decomposition of soil organic matter, which have made the Plateau a huge reservoir of soil carbon for thousands of years [14].



CH4 emission is known to depend on temperature, water level, vegetation, and the substrate, so future climate change and atmospheric CO2 concentration will affect CH4 emissions from wetlands, but many of the details and underlying processes remain unclear [15]. One study of CH4 fluxes on the Qinghai–Tibet Plateau from 1949 to 2008 concluded that climate change is the main factor affecting the CH4 fluxes [16]. CH4 emissions have been shown to correlate positively with (a) soil temperature, which itself depends on air temperature; and (b) water level depth, which in turn depends on precipitation [17]. For example, rising temperatures at intermediate and high latitudes caused a 7% increase in CH4 emissions from wetlands from 2003 to 2007 [18].CH4 emissions from wetlands also show a positive association with atmospheric CO2 concentration: an increase in CO2 concentration from 463 to 780 ppm will led to a 13.2% increase in CH4 emissions [19].



The methods used to estimate CH4 emissions from wetlands in recent decades including: (a) a bottom-up approach, in which global or regional emissions were extrapolated from measured fluxes at certain sites or simulated by process-based models based on environmental factors; and (b) a top-down approach, in which inverse models rely on atmospheric observations to model the distribution of CH4 sources and sinks [2,20]. While the top-down method can be quite effective for simulating emissions over large areas, it is susceptible to errors due to incomplete data and amplification [21]. In contrast, process-based modeling can be more reliable because it calibrates model parameters based on experimental measurements, and it takes account of the complexity of CH4 emissions [22]. Process-based model is an important method to estimate regional and global wetland CH4 emissions and has made great progress in the past 25 years [22,23,24,25,26].



Several studies have estimated CH4 emissions from wetlands on the Qinghai–Tibet Plateau for periods from 1995 to 2005 (2.47 TgC·a−1) [27], 1949–2008 (0.06 TgC·a−1) [16], 1979 to 2012 (0.96 TgC·a−1) [28], and 2000 to 2010 (0.22 TgC·a−1) [29]. However, CH4 emissions from Plateau wetlands under future climate conditions remain quite uncertain. In this study, based on a processed model of TRIPLEX-GHG [23], we predicted spatial and temporal patterns of CH4 emissions from the Qinghai–Tibet Plateau wetlands from 2008 to 2100 under three concentration pathways (RCPs) of future climate change scenarios.




2. Materials and Methods


2.1. Study Area


The wetlands on the Qinghai–Tibet Plateau have a surface area of 133,000 km2 and comprise alpine marshes, alpine meadow and alpine lakes. These wetlands have important ecological regulation functions, such as water supply and climate regulation. However, climate change and the freeze-thawing of permafrost have substantially degraded wetlands on the Plateau. The average elevation of this area is more than 4000 m, high and special terrain, forming a unique plateau climate. In most areas of the Plateau, the monthly maximal temperature is below 15 °C. Annual precipitation across the Plateau is about 400 mm, and this can vary substantially across the regions.




2.2. Model Description


TRIPLEX-GHG is a new-generation process model for quantifying greenhouse gas emissions of terrestrial ecosystems [30]. The TRIPLEX-GHG model integrates a variety of terrestrial ecosystem processes, including land surface processes, canopy physiology, vegetation phenology, vegetation dynamics and terrestrial carbon balance [30,31]. It also incorporates wetland CH4 production, consumption and transmission processes, based on biogeochemistry and dynamic water table modules [23]. In fact, the TRIPLEX-GHG model comprehensively considers the influence of soil temperature, soil redox potential, soil pH and other factors on CH4 emission from wetlands. The model has proven effective at quantitatively simulating CH4 emissions on different spatial and temporal scales [32]. The ratio of CH4 release rate to CO2 release rate (r) and the temperature control parameter of CH4 production (Q10P) are sensitive parameters in the model, and we adapted values from our previous work in the present study [23,32,33]. The TRIPLEX-GHG model has been well calibrated and validated for simulating CH4 emissions from wetlands in China [34] and elsewhere [23,32] under past climate conditions. This previous work provided a basis for predicting CH4 emissions from Plateau wetlands under future climate conditions [23,32,33,34].




2.3. RCPs and Model Input Data


The IPCC Fifth Assessment relies on RCPs 2.6, 4.5, 6.0 and 8.5 to model greenhouse gas concentrations in the future. The numbers refer to forced radiation levels (in W·m−2) predicted for 2100. For the present study, we applied RCPs 2.6, 4.5, and 8.5 (Table 1). RCP 2.6 is the low-end emission pathway, representing an active response to global climate change in order to keep global warming within 2 °C by the end of this century. RCP 4.5 is the intermediate, stable emission pathway, in which anthropogenic carbon emissions will decline after 2080 but still exceed the allowable value. RCP 8.5 is the high-end emission pathway, in which atmospheric CO2 concentrations will be 3–4 times higher in 2100 than before the Industrial Revolution [1].



Modeling for the period 2008–2100 was performed under these three RCPs using data from 24 global climate models in the fifth Coupled Model Intercomparison Project (CMIP5, Table 2). After several phases of the Atmospheric Model Intercomparison Project (e.g., CMIP1, CMIP2 and CMIP3), the Project Phase 5 was launched in September 2008 [35] and widely used in global change studies. The distribution of wetlands on the Qinghai–Tibet Plateau was held constant at the distribution in 2008 [36]. Climate change data include monthly precipitation (mm), monthly average temperature (°C), monthly maximum temperature (°C), monthly minimum temperature (°C), monthly average cloud coverage (%), monthly average relative humidity (%) and monthly average surface wind speed (m·s−1). In this study, interpolation software ANUSPLIN 4.4 [37] was used to interpolate the data, and they were standardized to a resolution of 0.5º × 0.5º for all 24 CMIP5 models.



In order to evaluate the influence of atmospheric CO2 concentration change on CH4 emission, simulations were repeated after holding atmospheric CO2 concentrations constant throughout the period 2008–2100, at the values in 2008. Annual CH4 emission anomalies were calculated as the difference between values for the period 2008–2100 and values for 2008. The resulting anomalies were added to our previous estimate of CH4 emissions from the Qinghai–Tibet Plateau wetlands in 2008 (0.24 TgC·a−1) [34].





3. Results


3.1. Future Annual Variation in CH4 Emissions from Wetlands on the Qinghai-Tibet Plateau


Variation in annual CH4 emissions from wetlands on the Qinghai–Tibet Plateau during the period 2008–2100 were shown in Figure 1. In the RCP 2.6 scenario, CH4 emissions first rose slowly, then remained relatively constant, and finally, declined. The annual average maximum emission reached 0.35 TgC·a−1 in 2064, and the average CH4 emission was 0.32 TgC·a−1 in 2100, an increase of 35% over the current level. In the RCP 4.5 scenario, emissions rose rapidly at first, then they rose slowly, and finally they stabilized. The annual average maximum emission was 0.49 TgC·a−1 in 2091 and the average CH4 emission was 0.47 TgC·a−1 in 2100, an increase of 98% over the current level. In the RCP 8.5 scenario, emissions increased continuously, reaching annual average maximum emission of 0.88 TgC·a−1 in 2100, an increase of 267% over the current level.



Next, we considered only the effects of future climate change on CH4 emissions, by holding atmospheric CO2 concentration constant throughout the period 2008–2100 (Figure 2). In the RCP 2.6 scenario, average CH4 emission in 2100 was 0.29 TgC·a−1, an increase of 22% over the current level but a decrease of 9% below the level estimated in the presence of elevated CO2 concentration. In the RCP 4.5 scenario, average CH4 emission in 2100 was0.39 TgC·a−1, an increase of 61% over the current level but a decrease of 17% below the level estimated in the presence of elevated CO2. In the RCP 8.5 scenario, average CH4 emission in 2100 was 0.69 TgC·a−1, an increase of 185% over the current level, but a decrease of 22% below the level estimated in the presence of elevated CO2.



In fact, the difference in average annual CH4 emission between the situations when CO2 concentration was allowed to rise or was held constant increased over time under all three RCPs (Figure 3). Under the scenario of RCP2.6, the emissions difference increased from 2008 to 2100 by 0.02TgC·a−1, showing a slight upward trend. Under the scenario of RCP4.5, the emissions difference is enhanced to 0.06TgC·a−1 by 2100, then slowly rises in the early and middle part of the 21st century and rises rapidly in the later part. Under the scenario of RCP8.5, the CH4 emission difference shows a linear upward trend, and is enhanced to 0.18TgC·a−1 in 2100. The rate of increase per year was the slowest in RCP 2.6 and the fastest in RCP 8.5. Under all three RCPs, elevated CO2 enhanced CH4 emissions more in the second half of the 21st century than in the first half.




3.2. Spatial Distribution of Future CH4 Emissions from Wetlands on the Qinghai–Tibet Plateau


The spatial distribution of annual CH4 emissions, averaged across all 24 models, was calculated for the periods 2008, 2040–2050 and 2090–2100 (Figure 4). In general, CH4 fluxes were smaller in the western part than the eastern part of the Qinghai–Tibet Plateau, and the emission rates of most wetlands were 0–10.5 gC·m−2·a−1. In the RCP 2.6 scenario, the spatial pattern of CH4 emission rate was similar across the three time periods. In the RCP 4.5 scenario, the annual average CH4 emission rate was significantly higher in the last time period than during the previous two periods. In the RCP 8.5 scenario, the annual average CH4 emission rate in most wetland areas was significantly higher than in the other two RCP scenarios at all three time periods. Under scenarios of RCP2.6, RCP4.5, and RCP8.5, the highest CH4 emission rate is distributed in the southernmost wetland area of the Qinghai–Tibet Plateau, and the average wetland CH4 emission rates in these areas reached 75.5, 90.2 and 112.8 gC·m−2·a−1 in 2090–2100, respectively.




3.3. Dynamics in the Spatial Distribution of Future CH4 Emissions from Wetlands on the Qinghai–Tibet Plateau


Differences in the spatial distribution of the annual average CH4 emission rates showed that emissions from most wetlands increased by 0–5.0 gC·m−2·a−1 between 2008 and 2090–2100 (Figure 5). Emissions decreased in only 1.9% of wetlands under the RCP 2.6 scenario and 1.5% of wetlands under the RCP 4.5 scenario. The increases were larger under the RCP 8.5 scenario than the other ones, amounting to 10–32 gC·m−2·a−1 on over 16% of the wetland areas. Under all three RCPs, emissions grew fastest in the southern region, with rates (in gC·m−2·a−1) of 10 under RCP 2.6, 22 under RCP 4.5 and 32 under RCP 8.5. Emissions grew second-fastest in the eastern region, and slowest in the western region.





4. Discussion


The wetland area is about 860 × 104 km2 in the world, but 80% of wetland resources are being lost or degraded due to irrational utilization [38,39], resulting in the wetland ecosystem becoming one of the most threatened ecosystems in the world [40]. China is one of the countries with the most abundant wetland resources, ranking the fourth in the world with 304,849 km2, accounting for 10% of the global wetland area [12]. The Qinghai–Tibet Plateau has the largest wetland area in China [41], accounting for more than 30% of the total wetland area of the country. To make a reasonable estimation for wetland CH4 emission of the Qinghai–Tibet Plateau is important for the evaluation of the CH4 budget of China, since CH4 was put on the agenda of COP26 on making further actions to reduce CH4 missions by 2030. Additionally, with the highest altitude, the wetland on the Qinghai–Tibet Plateau is much more sensitive to climate change than other areas, which will have great potential impacts on the inter-annual variation of wetland CH4 emissions of China. Although several studies were conducted to evaluate the historical wetland CH4 emissions of the Qinghai–Tibet Plateau, there are few studies to make prediction on wetland methane emission of the Qinghai–Tibet Plateau under future climate conditions. In this study, our results revealed that in the context of future climate change, CH4 emissions from wetlands on the Qinghai–Tibet Plateau will increase by 35–267% by the end of the 21st century, assuming the current spatial distribution will not change. The main factors driving this increase appear to be increases in temperature, precipitation and atmospheric CO2 concentration. The temperature on the Qinghai–Tibet Plateau has been projected to increase by 2–4 °C by 2050 and 4–7 °C by 2100 [12,42]. Average annual precipitation may increase by 2.5–10 mm/month in the mid-21st century and by >10 mm/month in the late 21st century [12,42]. Similar to our analysis of wetlands on the Plateau, a study of wetlands in China predicted emission increases of 32–90% by 2100 [43], and studies of global wetlands predicted emission increases of 75–100% [44], 50–80% [45]. Consistent with our analysis, other work has identified temperature and precipitation as the main climatic factors affecting wetland CH4 emission in future [15,44]. Increasing temperature has been shown to increase CH4 emissions by promoting CH4 production and oxidation [46]. The largest increase in methane is observed in the tropics and midlatitudes [6]. Rising temperature increases NPP, provides more metabolic substrates for CH4-producing microorganisms, and enhances the activity of methanogens [15]. The optimal temperature for CH4 generation on peatlands is 25 °C, and every increase of 2 °C reduces soil carbon storage by 10–25% and increases CH4 emissions by 10–20% [47].



Rising water levels also increase CH4 emission rate by altering soil aeration and redox potential. Water levels higher than the surface layer are generally believed to create a reductive environment that promotes methanogen survival [48,49]. Conversely, water levels lower than the surface layer create an aerobic soil environment that promotes survival of methane-oxidizing bacteria, reducing CH4 flux.



CO2 levels in the atmosphere are expected to double in the second half of the 21st century [50], which is expected to increase CH4 emissions globally as well as on wetlands [51,52]. Our analysis suggests that the predicted increase in atmospheric CO2 concentration will contribute 10–28% (depending on the RCP) to the increased CH4 emissions from wetlands on the Qinghai–Tibet Plateau by 2100. One possible explanation is that an increase in atmospheric CO2 accelerates decomposition of organic matter in the soil and increases plant productivity, in turn increasing the soluble organic carbon content in soil and the emission of CH4 [53,54]. Whatever the explanation, most models suggest that CH4 emissions from wetlands are affected more by the increase in atmospheric CO2 concentration than by climate change [1].



Our findings should be interpreted carefully, in large part because we assumed a constant wetland distribution on the Qinghai–Tibet Plateau based on the distribution in 2008 [36]. However, wetland distribution is affected by climate, geomorphology, soil moisture and other factors that will change in the future [16]. One possibility is that the increased CO2 concentration in the future closes plant stomata, reducing water loss, in turn reducing water demand from the soil, which increases soil moisture and thereby the extent of wetlands [50]. Other possibilities are that wetland area increases when rising temperatures melt the permafrost on the Qinghai–Tibet Plateau, or that wetland area shrinks because of decreasing precipitation and increasing evaporation [19,55]. Nevertheless, we chose to keep the wetland distribution fixed during the present simulations given the substantial uncertainties in modeling wetland distribution and CH4 emission in general [53], and uncertainties in the extent of the wetlands on the Qinghai–Tibet Plateau [56]. Several other simulations of future CH4 emissions from wetlands have used a similar approach of fixing wetland distribution based on current conditions [1,57,58].




5. Conclusions


Our TRIPLEX-GHG modeling of CH4 emissions from wetlands on the Qinghai–Tibet plateau under 3 RCPs, based on future climate change data from 24 CMIP5 models, suggests that climate change and increasing atmospheric CO2 concentration will substantially alter the temporal and spatial distribution of CH4 emissions from the Plateau’s wetlands. Our modeling suggests that, assuming a constant distribution of wetlands on Qinghai–Tibet Plateau, CH4 emissions will increase by 35–267% by the end of the 21st century. CH4 emission rates are predicted to be higher from southern wetlands than from northern ones, and higher from eastern wetlands than from western ones. Under the scenario of RCP8.5, the wetland CH4 emissions in the Qinghai–Tibet Plateau showed a stronger increasing trend than that under scenarios of RCP2.6 and RCP4.5.
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Figure 1. Variation in annual CH4 emissions from wetlands on the Qinghai–Tibet Plateau during the period 2008–2100. CO2 concentrations were assumed to rise up to 490–1370 × 10−6 by 2100. Results for the 24 CMIP5 models are shown, and the thick black line indicates the average across all models. 
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Figure 2. Variation in annual CH4 emissions from wetlands on the Qinghai–Tibet Plateau during the period 2008–2100. CO2 concentrations were held constant at 2008 levels. Results for the 24 CMIP5 models are shown, and the thick black line indicates the average across all models. 
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Figure 3. Difference in average CH4 emission from wetlands when models stipulated increasing or constant CO2. Average values were calculated across all 24 CMIP5 models, and results under each RCP are shown. Positive differences indicate higher average emission with increasing CO2. 






Figure 3. Difference in average CH4 emission from wetlands when models stipulated increasing or constant CO2. Average values were calculated across all 24 CMIP5 models, and results under each RCP are shown. Positive differences indicate higher average emission with increasing CO2.



[image: Atmosphere 13 00854 g003]







[image: Atmosphere 13 00854 g004 550] 





Figure 4. Spatial distributions of CH4 emissions from wetlands on the Qinghai–Tibet Plateau for three RCPs and three time periods. 
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Figure 5. Differences in spatial distribution of CH4 emission from wetlands on the Qinghai–Tibet Plateau between 2008 and 2090–2100. Negative differences indicate a decrease from 2008 to 2090–2100. 
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Table 1. Representative concentration pathways used in the present study.
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	Name
	Radiative Forcing
	CO2 Concentration *
	Pathway Trend
	Development Team
	Projected

Temperature

Increase by 2100 (°C)





	RCP2.6
	Peaks at

2.6 W·m−2 before 2100, then declines
	Peaks at 442 ppm, then declines before 2100
	It peaks and then declines
	IMAGE (NMP)
	2.4



	RCP4.5
	Stabilizes at

4.5 W·m−2 after 2100
	Reaches 538 ppm after 2100
	No more than the target level to achieve stability
	MiniCAM (PNNL)
	3.6



	RCP8.5
	Exceeds

8.5 W·m−2 by 2100
	Reaches 936 ppm in 2100
	Rises
	MESSAGE (IIASA)
	6.9







* The numbers of CO2 concentration were obtained from https://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=about#rcpinfo (accessed on 20 April 2022).
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Table 2. Basic information about the 24 climate models in the CMIP5 used in the present study.
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	Climate Model
	Model
	Original

Resolution

(Raster Data)
	Institution and Country





	1
	BCC-CSM1-1
	64 × 128
	China Climate Center, China



	2
	BCC-CSM1-1-m
	64 × 128
	China Climate Center, China



	3
	BNU-ESM
	64 × 128
	Beijing Normal University, China



	4
	CanESM2
	64 × 128
	Canadian Centre for Climate Models and Analysis, China



	5
	CCSM4
	192 × 288
	National Center for Atmospheric Research (NCAR), USA



	6
	CESM1-CAM5
	192 × 288
	National Center for Atmospheric Research (NCAR), USA



	7
	CNRM-CM5
	128 × 256
	Centre National de Researches Meteorologiques, France



	8
	CSIRO-Mk3-6-0
	96 × 192
	CSIRO-Marine and Atmospheric Research, Australia



	9
	FGOALS-g2
	64 × 128
	State Key Laboratory for Numerical Simulation of Atmospheric Science and Hydrodynamics, Institute of Atmospheric Physics, Chinese Academy of Sciences, China



	10
	GFDL-CM3
	90 × 144
	Geophysical Fluid Dynamics Laboratory, USA



	11
	GFDL-ESM2G
	90 × 144
	Geophysical Fluid Dynamics Laboratory, USA



	12
	GFDL-ESM2M
	90 × 144
	Geophysical Fluid Dynamics Laboratory, USA



	13
	GISS-E2-H
	90 × 144
	Goddard Institude for Space Studies (NASA), USA



	14
	GISS-E2-R
	90 × 144
	Goddard Institude for Space Studies (NASA), USA



	15
	HadGEM2-AO
	144 × 192
	NIMR-KMA, South Korea



	16
	IPSL-CM5A-LR
	96 × 96
	Institut Pierre-Simon Laplace, France



	17
	IPSL-CM5A-MR
	96 × 96
	Institut Pierre-Simon Laplace, France



	18
	MIROC5
	128 × 256
	Atmosphere and Ocean Research Institude (University of Tokyo), Japan



	19
	MIROC-ESM
	64 × 128
	Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institude (University of Tokyo), Japan



	20
	MIROC-ESM-CHEM
	64 × 128
	Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institude (University of Tokyo), Japan



	21
	MPI-ESM-LR
	96 × 194
	Max-Planck Institute of Meteorology, Germany



	22
	MPI-ESM-MR
	96 × 194
	Max-Planck Institute of Meteorology, Germany



	23
	MRI-CGCM3
	160 × 320
	Meteorological Research Institute, Japan



	24
	NorESM1-M
	96 × 144
	Norwegian Climate Center, Norway
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