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Abstract


Methane is the second largest contributor to global surface air temperature rise. Reducing atmospheric methane will mitigate climate change and improve air quality. Since the main sink of methane is the hydroxyl radical (OH) in the atmosphere, increasing OH concentration will accelerate the methane oxidation process and reduce methane concentration. Because the primary source of OH is the reaction between water vapor and ozone, scientists have proposed a water vapor enhancement strategy to raise OH concentrations in the atmosphere and remove methane. We use a two-box model to evaluate interactions between OH and methane and a radiative kernel method to calculate radiative responses to water vapor content growth. This proves that increasing OH concentration does have a positive effect on methane reduction. If the concentration of OH is increased by 10% from its current value and maintained for 50 (100) years, 45 Tg yr−1 (67.5 Tg yr−1) more methane will be oxidized by OH, and the cumulative effects of the oxidation are equivalent to a 120.5 Gt (219.6 Gt) reduction in CO2 and will lower the global surface air temperature by 0.054 °C (0.099 °C). Our study also provides insights into a mixed picture of global and regional radiative responses to the growth of water vapor content. The reduced radiative forcing by methane removal cannot overpower the increased radiative forcing by water vapor from the global average point of view. However, due to OH’s greater sensitivity to water vapor and weaker radiative response at higher latitudes, this perspective may be reversed if abrupt CH4 emissions from permafrost thaw occur.
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1. Introduction


1.1. Importance of Methane Mitigation for Climate


Methane (CH4) is a short-lived forcer that has an important warming effect on the climate. Although its lifetime is only about a decade, its global warming potential (GWP-20, integrated over 20 years after emissions) is more than 80 times stronger than that of carbon dioxide (CO2) [1]. The change in methane concentration from the pre-industry level in the atmosphere contributed 0.54 [0.43 to 0.65] W m−2 growth of the global effective radiative forcing, and this change increases the global surface air temperature relative to 1750 by 0.28 [0.19 to 0.39] °C, which is the second contributor to global warming just following CO2 [1]. The response of global surface air temperature to methane is even larger than that of CO2 due to one year’s current anthropogenic emissions (including long-lived and short-lived gases) in the 10-year timeframe after the emission [2].



The current global mean atmospheric methane abundance is 1925 ppb (nmol mol−1), with an increase of approximately 10 ppb per year over the past five years [3]. The primary natural emission sources are wetlands, while agriculture and waste contribute the most as anthropogenic sources, followed by fossil fuel sectors [4]. The main sink of methane is tropospheric OH (hydroxyl radical), which accounts for about 90% of atmospheric methane loss [4,5]. Other losses are from stratospheric, tropospheric Cl, and soil uptake [6,7]. The imbalance between total global methane emissions and total sinks still reached 21 Tg yr−1 during 2008–2017 [4]. Increased greenhouse gas concentrations would raise atmospheric temperatures, which would in turn enhance the decomposition process in wetlands and landfills, increasing methane emissions and forming positive feedback on the climate [8]. The increased emissions from wetlands can contribute to 0.03 ± 0.01 W m−2 growth of the global effective radiative forcing per degree of temperature rise [9,10,11].



Due to its powerful climate warming effect and the induced positive feedback, it is noted that methane mitigation is crucial to limit global warming to under 1.5 °C [12,13] and it can even help preserve Arctic summer sea ice [14]. Reaching this temperature target of the Paris Agreement would be hindered if methane continues to follow the path of its rapid growth over the past few years [15]. The mitigation of methane is much more efficient than that of other greenhouse gases to achieve the temperature target. Lowering one ppb of methane in the atmosphere is equivalent to a reduction of 0.27 ± 0.05 GtC [16]. If 95 Mt yr−1 methane reduction is added to the Nationally Determined Contributions, the global mean temperature will further be cooled by 0.015 to 0.075 °C in 2040 [17]. Implementing mitigation measures for short-lived climate forcers can contribute to achieving net-zero carbon emission by 2050, which was pledged by many countries, and also achieving many of the United Nations Sustainable Development Goals, particularly through methane reduction [18].



Unlike the effects of surface warming caused by the removal of NOx, SO2, or aerosols [19,20], methane mitigation is not only an effective way to reduce global warming pressure but also improves air quality as methane mitigation reduces ozone production [21]. It is a “win-win” approach and benefits both short-term climate warming reduction and improvements in human health (air quality) [1,22].



To mitigate the strong warming effect of methane, nano-porous zeolites were proposed to trap CH4 in the air and then oxidize it to CO2 by oxygen in an industrial array [23]. Using photocatalysis to oxidize CH4 to CO2 during natural convective air flows in a solar chimney was also suggested by other scientists [24]. However, this paper focuses only on the natural main oxidant and principal sink (OH, hydroxyl radical) effects on methane concentration in the atmosphere.




1.2. Relationship between Methane, Atmospheric OH, and Water Vapor


1.2.1. Relationship between Methane and Atmospheric OH


Since OH in the atmosphere is the main sink of methane, increasing the abundance of OH can result in a reduction in the tropospheric concentration of methane. It is estimated that a 4% decrease in global mean OH concentration can contribute to 22 Tg yr−1 methane increase [25]. A linearly fitted equation is given to express the relationship between OH concentration and methane build-up and states that a 10% variation in OH concentration can cause a 40 Tg yr−1 change in methane [26]. Another paper states that a 1.6 ± 0.2 percent decrease in tropospheric OH concentration during the pandemic has led to a global methane imbalance of 7.5 ± 0.8 Tg yr−1 due to a lower methane–OH reaction [27]. Methane lifetime also strongly correlates with OH concentration and decreases with increased OH concentration [28,29].




1.2.2. Relationship between Atmospheric OH and Water Vapor


The reaction involving water vapor and tropospheric ozone is the primary source of OH in the troposphere, the productivity of which can be enhanced by increasing water vapor concentration, temperature, and incoming solar radiation [1]. Warmer and wetter climate conditions can reduce methane lifetime and are beneficial for methane removal. The lifetime of CH4 could be reduced by 4.7 ± 1.7% per degree of atmospheric temperature rise due to the combined effect of the higher oxidation rate and higher water vapor concentration, which is equivalent to 0.03 ± 0.01 W m−2 global radiative forcing reduction [30]. However, the impact of atmospheric temperature on the productivity of OH is still under debate; it may have a weak impact [31] or even a negative impact [32]. But an agreement on the positive impact of the increased water vapor has been reached by scientists [31,32,33,34]. A 1% increase in global mass-weighted mean water vapor was found to lead to a 2.237% growth of OH concentration in the total atmosphere, and this coefficient (defined as     Δ   O H   /   O H     /   Δ   w a t e r   /   w a t e r      ) can reach up to 5.507 in the Arctic region [35].



Hydroxyl (OH) in the Earth’s atmosphere serves as the primary sink for methane and can be enhanced by increasing the concentration of water vapor. A strategy has been suggested to reduce methane concentration in the atmosphere by the enhancement of atmospheric water vapor and then increasing OH sources [36]. Since the atmospheric vapor pressure deficit (the difference between saturated water vapor pressure and actual water vapor pressure) is increasing, which means that relative humidity is decreasing [37], the water vapor enhancement strategy may be feasible. However, the greenhouse gas effects of water vapor, which absorbs shortwave solar radiation and reflects longwave radiation back to Earth, cannot be ignored. It should be noted that the greenhouse effects of water vapor from anthropogenic sources are not considered in the IPCC report due to the negligible flux of anthropogenic water vapor (compared with the total amount of water vapor in the atmosphere) and the short lifetime of water vapor [38,39]. However, in the water vapor enhancement strategy, a large continuous flux of water vapor and a high concentration of water vapor are required to maintain a higher OH reaction and production rate. Thus, the balance between radiative forcing reduced by methane and increased by water vapor needs to be quantitatively assessed. The feasibility of removing atmospheric methane by increasing water vapor will be discussed from the perspective of radiative forcing changes in this paper.






2. Effects of OH on Methane Concentration


The oxidation of methane by OH is not a simple one-step reaction, the oxidation reaction sequence starts from R1, and the intermediate products are CH3O2, CH3O, CH2O and CHO. CO is generated in this reaction sequence from R2 and oxidized by R3. In the presence of NOx, the final product of CO oxidation is CO2 and O3 [40].


  C  H 4  + O H →  H 2  O + C  H 3   



(R1)






  C H O +  O 2  → H  O 2  + C O  



(R2)






  C O + O H → C  O 2  + H  



(R3)







Since the most important roles in the hydroxyl oxidation cycle are methane and carbon monoxide [41], their basic mass balance equations for the oxidation reaction sequence are [28,42,43]


     d   C  H 4      d t    =  E  C H 4   −  k 1    C  H 4      O H    



(1)






     d   C O     d t    =  E  C O   +  k 1    C  H 4      O H   −  k 2    C O     O H    



(2)






     d   O H     d t    =  E  O H   −  k 1    C  H 4      O H   −  k 2    C O     O H   −  k 3   X    O H    



(3)




where [] indicates the concentrations in the atmosphere,  E  is the emission rate (or source for OH),  k  is the reaction rate, and  X  represents other sinks for OH (for example, CH2O, Isoprene [44]). The one-box model is defined by these equations.



Because CH4 and CO concentrations in the Northern Hemisphere are higher than in the Southern Hemisphere, a two-box model was proposed to deal with species transport due to the concentration gradient between the two hemispheres [45,46]. This two-box model contains six coupled ordinary differential equations for three compounds (CH4, CO, and OH) in two hemispheres and can be written as


     d    x   N    d t    =  E  x , N   + ∑  k x     x   N      O H    N  +       x   S  −    x   N   τ    



(4)






     d    x   S    d t    =  E  x , S   + ∑  k x     x   S      O H    S  +       x   N  −    x   S   τ    



(5)




where  τ  is the timescale (usually 1 year); the subscripts  N  and  S  are Northern and Southern Hemisphere, respectively; and    k x    is positive (negative) if the reaction is a source (sink) for  x . Although the two-box model is criticized for ignoring spatial variations in species concentrations and emissions [47], it can provide comparable results to sophisticated models [44].



The two-box model is solved with MATLAB, and the initial concentrations of each compound and reaction rate coefficients are given in Table 1. It is noted that the spatial distribution of OH is under discussion. The Northern Hemispheric OH concentration is low [48], roughly equal [49], or high [34] compared to the Southern Hemisphere. We divided the OH parameters equally into two hemispheres in this work.



To quantify the impact of OH variation on methane, we first increase the OH source from the initial condition (Table 1) by 1.2 times and compare methane concentrations with the results of unperturbed ones from [46]. The solid lines in Figure 1 show the variation in methane concentrations from the unperturbed condition at different methane emission levels (1–1.5 times the initial emission rate). When a larger OH source (1.2 times the initial OH production rate) is imposed into the hydroxyl oxidation cycle, methane concentrations gradually decrease over time, although slowly in the early years due to the existing imbalanced CH4 budget (the CH4 budget needs to be reversed first), as can be seen from the dashed lines.



As CH4 concentrations change over time (Figure 1), it is difficult to assess the impact of OH when different percentages of OH source rises are applied to the atmosphere. Therefore, we will compare the mean results over 50 and 100 years after a larger OH source is imposed in the following analyses. The variations in 50 (100)-year-averaged CH4 concentrations due to increased OH sources are shown in Figure 2. The dash lines are the 50-year-averaged variations, and the solid lines are the 100-year-averaged variations. If methane emissions are maintained at a higher (lower) level for a longer (short) time, CH4 concentrations will be higher (lower) at the start (OH source increase rate = 0 in Figure 2). CH4 concentrations will decline faster when they are higher when the reaction rate    k 1    is maintained (Equation (1)).



The 50 (100)-year-averaged variations in OH concentrations induced by increased OH sources can be seen in Figure 3. OH concentrations will increase when larger OH sources are put into the atmosphere despite different CH4 emission levels, but the change rate of OH concentrations are impacted by the CH4 emission levels. Higher levels of methane emissions will increase methane abundance, consume more OH, and suppress OH concentration, and vice versa [55]. This reduction (promotion) effect on the OH concentration is stronger with the higher (lower) methane emission level and longer suppression time. This is why the 100-year-averaged OH concentration is higher than the 50-year-averaged OH concentration (promotion effect) when methane emissions are at the current level. The reason is the same for the results of 1.5 times the initial emission level. The 50 (100)-year-averaged OH concentrations are calculated from     ∑  0  50   100       O H   / 50     100    .



Methane concentrations will decrease as OH concentrations increase, as shown in Figure 4. Larger increases in OH concentration will induce more reductions in CH4 concentrations. As stated in Equation (1), higher CH4 concentration induced by higher CH4 emission levels will result in a faster rate of total CH4 loss when OH concentration growth rates are the same. Reductions in CH4 concentrations will be larger (smaller) with a longer time frame at higher (lower) emission levels. This is consistent with the explanations given in Figure 2. Average reductions in CH4 concentrations over 50 (100) years are calculated from     ∑  0  50   100     Δ   C  H 4    / 50     100     years  . The OH concentration growth rate is obtained by   Δ     O H     a v g   /     O H     a v g     from Figure 3. Since the denominators (OH source increase rate = 0 in Figure 3) are different, the final OH concentration growth rates are different, although the same amount of OH sources is imposed. If OH concentrations are raised by 10% from their original value and maintained for 50 years, 45 Tg yr−1 (15.9 ppb yr−1), 115.5 Tg yr−1 (40.7 ppb yr−1), and 186.6 Tg yr−1 (65.8 ppb yr−1), more methane will be oxidized by OH at the current, 1.25 times the current, and 1.5 times the current methane emissions levels. The reductions are 67.5 Tg yr−1 (23.8 ppb yr−1), 215.5 Tg yr−1 (76.0 ppb yr−1), and 398.5 Tg yr−1 (140.5 ppb yr−1) for 100 years at their respective methane emissions levels. Our results are comparable with those studies stated in the Introduction. To convert Tg to ppb, the number should be multiplied by


   C  p p b − T g   = (  M A  /  M i  )     10  9  /  T M     



(4)




where    C  p p b − T g     is the conversion factor from ppb to Tg,    M A    is the molecular weight of air (28.97 kg kmol−1),    M i    is the molecular weight of species  i  (kg kmol−1), and    T M    is the total mass of the atmosphere,   5.1352 ×   10  9    T g   [38].



Appropriate metrics need to be applied to assess the impacts of CH4 concentration reductions. Although the 100-year global warming potential (GWP-100) is widely used in climate-related papers, it is not suitable for this work. The GWP is the time-integrated radiative forcing induced by 1 kg “pulse” emission [38], while in this work, the CH4 concentration is progressively reduced every year when we raise the OH concentration (from Figure 1), and these reductions are averaged over 50 (100) years (in Figure 4). These years-averaged concentration reductions are named “steps” at the rate of ppb (kg) yr−1 [1]. Here, we use the metric called combined Global Temperature change Potential (CGTP, in units of years) for the “step” concentration reductions, which is recommended by the 6th IPCC Report [1,56]. This metric gives an instrument for weighting the “step” concentration reductions (in kg yr−1) of short-lived greenhouse gases with the change in cumulative CO2 emissions (in kg). The recommended values for CGTP to calculate cumulative CO2 equivalent emissions over 50 and 100 years are 2823 and 3531, respectively [1]. This is also why we average the reductions in CH4 concentrations over the same time frames in Figure 2, Figure 3 and Figure 4. Another metric called transient climate response to cumulative CO2 (TCRE) is used to convert cumulative CO2 into global surface air temperature change. The recommended value for TCRE is 0.45 °C per 1000 Gt cumulative CO2 [1]. The cumulative CO2 equivalent reductions and corresponding temperature reductions are calculated by


   C  C  H 4  − C  O 2    =  M  C  O 2    /  M  C  H 4     



(5)






  C  u  C  O 2  , 50   =  R  C  H 4  , 50   × 2823 /   10  3  −  R  C  H 4  , 50   ×  C  C  H 4  − C O 2   × 50 /   10  3   



(6)






  C  u  C  O 2  , 100   =  R  C  H 4  , 100   × 3531 /   10  3  −  R  C  H 4  , 100   ×  C  C  H 4  − C  O 2    × 100 /   10  3   



(7)






   T R  = C  u  C  O 2  , 50   100     × 0.45 /   10  3   



(8)




where    C  C  H 4  − C  O 2      is the conversion factor from mass of CH4 to CO2,    M i    is the molecular weight of species  i ,    R  C  H 4  , 50     and    R  C  H 4  , 100     are the average CH4 concentration reductions from Figure 4 (in Tg yr−1), and   C  u  C  O 2  , 50     and   C  u  C  O 2  , 100     are the equivalent cumulative CO2 (shown from the left axis of Figure 5) for 50 and 100 years (in Gt) (1 Gt (gigatons) = 103 Tg (teragrams) = 1012 kg), respectively. Since the water vapor enhancement strategy only accelerates oxidation from CH4 to CO2 and does not completely eliminate CH4 (from the source), the oxidation production CO2 should be subtracted in Equations (8) and (9).    T R    is the global surface air temperature reduction due to CH4 concentration reduction (shown on the right axis of Figure 5). From Figure 5, cumulative CO2 equivalent reductions are greater at a higher level of CH4 emissions and over a longer time frame. If OH concentrations are raised by 10% from their original value and maintained for 50 years, the equivalent cumulative CO2 reductions are 120.5 Gt, 307.8 Gt, and 501.6 Gt at the current, 1.25 times the current, and 1.5 times the current methane emissions levels. The equivalent cumulative CO2 reductions are 219.6 Gt, 702.4 Gt, and 1296.3 Gt for 100 years. The corresponding decreases in global surface air temperature are   0.054   ° C  ,   0.139   ° C  , and   0.226   ° C   for 50-year equivalent cumulative CO2 reductions. For 100-year equivalent cumulative CO2 reductions, they are   0.099   ° C  ,   0.316   ° C  , and   0.583   ° C  .




3. Greenhouse Effects of Water Vapor


To evaluate radiative forcing in response to water vapor perturbations, a kernel method was proposed [57,58] and used by many scientists [59,60,61,62]. The basic radiative kernel equations are


    R   w + Δ  w ¯  , T , c , α    ¯  −   R   w , T , c , α    ¯  ≈   ∑  i         ∂ R  ¯    ∂  w i     ∂    w i   ¯  ≡   ∑  i     K i w  ∂    w i   ¯   



(9)






    R   w , T , c , α    ¯  =   S   w , T , c , α    ¯  −   L   w , T , c , α    ¯   



(10)




where  R  is the net TOA (top of the atmosphere) radiative flux as a function of water vapor content  w , air temperature  T , cloud properties  c , and surface albedo  α .  i  indicates different levels (altitudes) in the atmospheric column.   R ¯   and   w ¯   are the average results. The factor  K  is called the water vapor response kernel, which provides TOA radiative flux responses to the perturbations of water vapor   Δ  w ¯   .  S  is absorbed incoming solar radiation and  L  is the longwave radiation emitted from Earth.



The water vapor response kernel that constrains the interaction between radiative flux and water vapor variation is essential for assessing the greenhouse effects of water vapor. Radiation absorbed by water vapor is almost proportional to   l o g  w   , as stated in many papers [57,59,63,64]. It has been observed that the dominant amount of radiation absorbed by water vapor matches the logarithmic relationship in the 0–560 cm−1 and 1250–1850 cm−1 bands, but in the 800–1250 cm−1 bands, the absorbed longwave radiation is proportional to  w  [65]. Based on this theory, TOA radiative flux responses to water vapor perturbations in this work are calculated from linear and logarithmic aspects, respectively.


  Δ R =  K  l i n  w     w 2  −  w 1    =    Δ  R 0    Δ  w 0        w 2  −  w 1     



(11)






  Δ R =  K  l o g  w    log (  w 2    − (  log (  w 1   ) ) =    Δ  R 0    log (  w 2    −   log (  w 1    )     log (  w 0  + Δ  w 0    − (  log (  w 0   ) )     



(12)




where    K  l i n  w    is the linear water vapor kernel,    K  l o g  w    is the logarithmic water vapor kernel,   Δ  R 0    is the response of TOA radiative flux to perturbation of   Δ  w 0    from    w 0   , and    w 1    and    w 2    are the arbitrary states of water vapor content in the climate. It is noted that  K  is independent of state    w 1    and    w 2    [57]. A hybrid kernel combining linear and logarithmic kernels is recommended to calculate the total radiative response flux [65] and adopted in the following analysis.



To calculate the water vapor kernel, we impose a one percent increase in water vapor into the atmosphere (  Δ  w 0  /  w 0  = 0.01  ) and obtain   Δ  R 0   . These original raw 4-D data (longitude, latitude, altitude, and time) of  w  and  R  calculated with CESM 1.1.2 are from [66]. All-sky annual mean linear water vapor kernels are given in Figure 6a,b. All-sky annual mean logarithmic water vapor kernels are given in Figure 7a,b. The all-sky global mean linear kernel is   0.1407   W    m  − 2      %  − 1    , and the all-sky global mean logarithmic kernel is   14.8032   W    m  − 2     Δ log    w    − 1    . For example, if a 10% increase in water vapor content is imposed, the linear response of the radiative flux is   1.407      W   m    − 2    , and   14.8032 × log   1.1   = 1.4109   W    m  − 2     is the logarithmic response.



From Figure 6 and Figure 7, the strongest responses to the increase in water vapor content in tropical zones are comparable to existing papers [59,61,67,68,69,70]. The higher sensitivity of radiative responses to water vapor in the wetter tropic areas is mainly due to a higher net increase in vapor content at the same fractional growth rate. There are detailed explanations in existing papers [67,69], so they are not the focus of our study. Since the radiative response to a 10% increase in water vapor content is roughly the same magnitude as the increase in water vapor due to 1 K perturbation [71], the results from our calculation are comparable to the five-year observation-based results, in which the annual global mean values are   1.154     0.276     to   1.176     0.281     W    m  − 2      K  − 1     for longwave (shortwave) radiative responses to water vapor [60]. Radiative kernels in different regions are given in Table 2.




4. Comparison of Radiative Forcing Due to Methane and Water Vapor Variations


We can now compare global mean radiative forcing, which is reduced due to methane removal, and radiative forcing, which is due increased due to higher water vapor content, when the same increase in OH concentration is required, as shown in Figure 8.



The comparison is discussed from two different perspectives. From the global mean perspective, the responses to water vapor are present in the left part of this figure. We choose 2.237 as the sensitivity of OH concentration to water vapor indicated in Section 1, which means that increasing OH by one percent requires only 1/2.237 percent growth of water vapor (and corresponding radiative responses to water vapor). Linear radiative responses to increases in water vapor required by increases in OH concentrations are presented by the blue dash-dot line, logarithmic responses are presented by the solid black line, and the pink area indicates the hybrid response zone.



Reductions in TOA radiative forcing due to reductions in CH4 concentrations can be assessed by [1,72]


  S A R F =   a     C  H 4      + b      N 2  O     + d         C  H 4      −       C  H 4     0       



(13)




where   S A R F   is a change in net downward radiative flux due to changes in greenhouse gases accounting for stratospheric temperature adjustments,       C  H 4     0    is pre-industrial CH4 concentration, 731.41 ppb, and      N 2  O     is atmospheric N2O concentration, 331 ppb [73].   a = − 8.9603 ×   10   − 5     W    m  − 2        ppb    − 1    ,   b = − 1.2462 ×   10   − 4     W    m  − 2        ppb    − 1    ,   d = 0.045194      W   m    − 2        ppb    − 1 / 2    . Only the changes in     C  H 4      are taken into account, and      N 2  O     is assumed not changed when the reductions in radiative forcing are calculated from Equation (15).



From Figure 8, the global mean radiative forcing increases from water vapor will exceed radiative forcing reductions due to methane removal (lower part of this figure) when the same rate of increase in OH concentration is required. From this perspective, removing atmospheric methane only by increasing water vapor content in the atmosphere may not be a good method. It should be noted that effective radiative forcing (ERF) may also be the parameter for comparison. ERF is an extended concept from SARF and is a change in net downward radiative flux due to changes in greenhouse gases accounting for adjustments not only in stratospheric temperature (SARF) but also in tropospheric temperature, clouds, and atmospheric circulation [1]. As the sum of adjustments is negatively proportional to SARF [74], the radiative benefits of methane reductions will be further below the penalty.



From the regional perspective, it may be noted that the radiative response to water vapor is not homogeneous, which is relatively low in some regions in Figure 6 and Figure 7 (e.g., high latitudes). As described in the Introduction, the sensitivity of OH concentration to water vapor in high-latitude regions can reach 5.507. This means increasing OH concentration in these regions by water vapor is more efficient with smaller negative impacts. But CH4 emissions from these high latitudes make up a small portion of today’s global CH4 emissions budget [1]. However, if an abrupt change in CH4 emissions from permafrost thaw occurs, as predicted by many scientists [75,76,77], increasing OH concentration by water vapor may be a good choice in this region.




5. Discussion


First, to maintain the OH concentration at a relatively high level, a continuously larger OH source is required. This means that a steady source of water vapor is needed, and the vapor concentration must be kept at a certain level in the atmosphere to produce enough OH. Because water vapor has a residence time of about ten days and the flux of anthropogenic vapor is less than natural evaporation [38], the greenhouse effect of water vapor from anthropogenic sources is not considered in the IPCC reports. But in the strategy this study is assessing, a steady and relatively large water vapor flux is needed; this is the reason for the consideration of its greenhouse effect.



Second, this work separated the effects of water vapor on methane reduction into three static parts, namely water–OH, CH4–OH, and water–CH4 relationships. A more sophisticated method needs to be applied to simulate the dynamic interactions among them, especially for minimizing the error in the water vapor content affected by condensation and precipitation. Another error may come from the interannual variability in water vapor response kernels [60]. This means that short-term (several years) observations and calculations of radiative responses to water vapor in this work may not accurately represent long-term (century) responses [64].



Third, from the perspective of atmospheric pressure levels (altitude), the strongest radiative forcing responses (longwave plus shortwave) to water vapor are between 700 hPa to 200 hPa, the responses between 1000 hPa (surface) to 700 hPa are relatively weak (please see the references) [59,64,66], while the highest OH concentrations are just below 700 hPa near the Equator [29,53]. This means that the water vapor enhancement implemented near the surface may have a better effective potential and lower environmental penalty than what is implemented in the high altitude. Since a validated method is required to weigh radiative forcing responses to methane and water vapor changes at different pressure levels, more detailed research could be conducted to identify the most appropriate zones for the water vapor enhancement strategy.



Last but not least, there are other limitations in this work. For example, there are many other factors considering the complexity of atmospheric chemistry that will complicate the application of this finding to the real world. We will investigate these areas in our future work and hope this work is merely a starting point that can inspire other future works in the field.




6. Conclusions


Methane is the second largest contributor to global surface air temperature rise relative to 1750, just following CO2. Methane concentrations in the atmosphere have continued to increase in recent decades. Reducing atmospheric methane will slow down climate change and improve air quality and is a vital way to meet the temperature limit set by the Paris Agreement.



Since the main sink of methane is OH in the atmosphere, increasing OH concentration will accelerate the methane oxidation process and reduce methane concentration. While the primary source of OH is the reaction between water vapor and ozone, a water vapor enhancement strategy was proposed to raise the OH concentration in the atmosphere and remove methane. We use a two-box model to evaluate the interaction between OH and methane and a radiative kernel method to calculate radiative responses to the growth of water vapor content in the atmosphere.



Using the two-box model proves that increasing the OH concentration does have a positive effect on methane reduction. If the concentration of OH is increased by 10% from its current value and maintained for 50 (100) years, 45 Tg yr−1 (67.5 Tg yr−1) more methane will be oxidized by OH; the cumulative effects of the oxidation are equivalent to a 120.5 Gt (219.6 Gt) reduction in CO2 and will lower the global surface air temperature by 0.054 °C (0.099 °C).



Our study also provides insights into a mixed picture of global and regional radiative responses to water vapor content growth. From the global average point of view, the increased radiative forcing due to higher water vapor content will exceed the reduced radiative forcing due to methane removal. Removing atmospheric methane only by increasing water vapor in the atmosphere may not be feasible for now. However, due to OH’s greater sensitivity to water vapor and weaker radiative response in high-latitude areas, this method may become feasible to address possible abrupt changes in CH4 emissions from permafrost thaw in the future.
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Figure 1. CH4 concentrations vary with time. 
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Figure 2. CH4 concentration variations with OH source rise. 
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Figure 3. OH concentration variations with OH source rise. 
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Figure 4. CH4 reduction variations with OH concentration rise. 
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Figure 5. Cumulative CO2 reduction variations with OH concentration rise. 
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Figure 6. All-sky linear water vapor kernels. (a) All-sky longwave linear water vapor kernels (global mean:   − 0.1103   W    m  − 2      %  − 1    ). (b) All-sky shortwave linear water vapor kernels (global mean:   0.0304   W    m  − 2      %  − 1    ). 
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Figure 7. All-sky logarithmic water vapor kernels. (a) All-sky longwave logarithmic water vapor kernels (global mean:   − 11.6336   W    m  − 2     Δ log    w    − 1    ). (b) All-sky shortwave logarithmic water vapor kernels (global mean:   3.1696   W    m  − 2   Δ log    w    − 1    ). 
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Figure 8. Radiative forcing variations with a rise in OH concentration. 
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Table 1. Initial concentrations and emission rates of each compound.
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Initial Concentrations

	
Initial Emission Rates

	
Reaction Rate Coefficients






	
CH4 (N)

	
1975 ppb

	
395 Tg yr−1

	
    k 1  = 2.45 ×   10   − 12    e  − 1775 × (    1 T    )     




	
CH4 (S)

	
1875 ppb

	
167 Tg yr−1




	
CO (N)

	
120 ppb

	
910 Tg yr−1

	
    k 2  = 1.013 ×   10   − 12     




	
CO (S)

	
60 ppb

	
420 Tg yr−1




	
OH

(Global mean)

	
1.09 × 106 molecules cm−3

	
251.2 Tmol yr−1

	
   k 3   X    = 0.432 s−1








Initial concentrations of CH4 were obtained from https://gml.noaa.gov/ccgg/data/ch4.html (accessed on 1 June 2023), CO from https://gml.noaa.gov/ccgg/data/co.html (accessed on 1 June 2023), and OH from [49,50]. The emission rates of CH4 are from [51], CO from [52], and OH from [53]. The unit of reaction rate coefficients for CH4 and CO is cm3 molecule−1 s−1. The coefficient of CH4 is given by [54] and CO by [46].













 





Table 2. Radiative kernels in different regions.






Table 2. Radiative kernels in different regions.





	

	
60° N to 90° N

	
60° S to 60° N

	
60° S to 90° S




	

	
Longwave

	
Shortwave

	
Longwave

	
Shortwave

	
Longwave

	
Shortwave






	
Linear kernel

	
−0.0032

	
0.0016

	
−0.1047

	
0.0272

	
−0.0024

	
0.0016




	
Logarithmic kernel

	
−0.3370

	
0.1694

	
−11.0373

	
2.8357

	
−0.2593

	
0.1645








The linear kernel unit is   W    m  − 2      %  − 1    , and the logarithmic kernel unit is   W    m  − 2     Δ log    w    − 1    .
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