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21 Short Summary:

22

23 Present-day methane shortwave absorption mutes 29% of the surface warming and
24 66% of the precipitation increase associated with its longwave absorption. The

25 muting effect of present-day methane shortwave absorption is about five times

26 larger as compared to that under idealized carbon dioxide perturbations.

27

28

29

30

31



https://doi.org/10.5194/egusphere-2024-872
Preprint. Discussion started: 10 April 2024 G
© Author(s) 2024. CC BY 4.0 License. E U Sp here

32  Abstract. Recent analyses show the importance of methane shortwave absorption,
33 which many climate models lack. In particular, Allen et al. (2023) used idealized
34  climate model simulations to show that methane shortwave absorption mutes up to
35 30% of the surface warming and 60% of the precipitation increase associated with
36 its longwave radiative effects. Here, we explicitly quantify the radiative and

37 climate impacts due to shortwave absorption of the present-day methane

38  perturbation using the Community Earth System Model version 2 (CESM2). Our
39 results corroborate that present-day methane shortwave absorption mutes the

40  warming and wetting effects of longwave absorption. For example, the global

41 mean cooling in response to the present-day methane shortwave absorption is -

42  0.10+0.04 K, which offsets 29% of the surface warming associated with present-
43  day methane longwave radiative effects. Similarly, we explicitly estimate 66% of
44  the precipitation increase associated with the longwave radiative effects of the

45  present-day methane perturbation is offset by shortwave absorption. Unlike other
46  solar absorbers (i.e., black carbon), the decrease in global mean precipitation under
47 methane shortwave absorption is driven by both fast (atmospheric absorption) and
48  slow (surface temperature cooling) responses. Finally, we show that the present-
49  day methane shortwave radiative effects, relative to its longwave radiative effects,
50 are about five times larger as compared to those under idealized carbon dioxide

51  perturbations. The unique responses to methane shortwave absorption are related to
52 its vertical atmospheric solar heating profile. Methane remains a potent

53 greenhouse gas and continued endeavors to decrease methane emissions are

54  necessary to stay below the 1.5°C global warming threshold.
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72 1 Introduction
73
74 Several recent studies (Li et al., 2010; Etiminan et al., 2016; Collins et al., 2018;
75  Byrom and Shine, 2022) have shown the significance of methane (CH4) shortwave
76 (SW) absorption—which is lacking in many climate models (Forster et al.,
77 2021)—at near-infrared (NIR) wavelengths. Etminan et al. (2016) first showed
78 methane SW absorption increases its stratospherically adjusted radiative forcing
79  (SARF) by up to ~15% as compared to its longwave (LW) SARF. Smith et al.
80 (2018) subsequently inferred negative rapid adjustments (i.e., surface temperature
81 independent responses) due to CH4 SW absorption, using four of ten models from
82  the Precipitation Driver and Response Model Intercomparison Project (PDRMIP;
83 Myhre et al., 2017) that included an explicit representation of methane SW
84  absorption. Byrom and Shine (2022) showed that CH4 SW forcing depends on
85 several factors, including the spectral variation of surface albedo, the vertical
86  profile of methane, and absorption of solar radiation at longer wavelengths,
87  specifically methane’s 7.6 um band. They estimated a smaller impact of CHs SW
88  absorption, with a 7% increase in SARF, in part due to the inclusion of the 7.6 um
89  band which mainly impacts stratospheric solar absorption.
90
91
92  The recent analysis of Allen et al. (2023) (hereafter referred to as A23) used
93  Community Earth System Model version 2 (CESM2; Danabasoglu et al., 2020)
94  simulations to isolate CHs SW absorption, and showed that it muted the surface
95 warming and wetting due to methane’s LW radiative effects. Muting of surface
96 warming was attributed largely to cloud rapid adjustments, including increased
97  low-level clouds and decreased high-level clouds. These cloud changes in turn
98  were associated with the vertical profile of atmospheric solar heating, and
99  corresponding changes to atmospheric temperature and relative humidity.
100
101 We adopt similar terminology as in A23. Throughout this manuscript, the terms
102 “SW radiative effect”/”’SW absorption” and “LW radiative effect” refers to the
103  radiative effects of methane (and eventually carbon dioxide) on the climate system
104  as isolated by a suite of simulations (to be discussed below). This terminology is
105 used interchangeably with the abbreviations “CHassw™ and “CHaLw”, respectively.
106
107 A23 focused on three idealized methane perturbations, including 2x, 5x and 10x
108  preindustrial methane concentrations. Relatively large perturbations were
109  emphasized to maximize the signal to noise ratio, as well as to robustly identify
110 mechanisms. Despite these relatively large methane perturbations, 5x preindustrial
111 methane concentrations are comparable to end of 21% century projections under the
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112 Shared Socioeconomic Pathway 3-7.0 (i.e., 0.75 ppm to 3.4 ppm). Although

113 5xCH4 and 10xCH4 SW radiative effects showed a clear muting of the

114  corresponding LW effects, 2xCHs did not. For example, the global mean near-
115  surface air temperature (TAS) response under 5XCHasw and 10XCHasw (Figure 1a)
116  yielded significant global cooling at -0.23 and -0.39 K. 2xCHasw, however,

117  yielded a warming response of 0.06 K that was not significant at the 90%

118  confidence level. Similar results apply for the global mean precipitation (PRECIP)
119  response (Figure 1b), where a significant decrease occurred under 5xCHasw and
120 10XCHasw at -0.021 and -0.039 mm d ™! (-0.7 and -1.3%). For 2xCHoasw, the

121 response was again not significant at 0.0018 mm d (0.06%). The lack of

122 significant climate responses in the 2xCHasw coupled ocean-atmosphere simulation
123 is consistent with its relatively weak forcing as compared to the larger methane
124  perturbations, and relative to internal climate variability of the coupled ocean-

125  atmosphere system.

126

127 A23 subsequently inferred the present-day methane effects from linear regression
128 applied to the 2x, 5x, and 10xCHa perturbations (dashed lines in Figure 1a,b).

129  Their inferred estimate of the present-day (assumed to be 2.4xCHa) effect of CH4
130  SW absorption on global mean TAS and PRECIP were consistent with the overall
131 conclusions, with cooling of -0.04 K and a decrease in precipitation of -0.15%.
132 However, these CHasw responses represent muting of the corresponding CHaw
133 responses of only 18% and 50%, respectively, which are much lower than the

134 muting under the larger methane perturbations at ~30% for TAS and ~60% for

135 PRECIP.

136

137 Given the caveats of the above approach (i.e., the assumption of linearity), here we
138 conduct analogous simulations as A23 to explicitly calculate the shortwave

139  absorption effects of the present-day methane concentration, i.e., the ~750 to

140  ~1900 ppb increase (~2.5x). Our results corroborate the prior, inferred estimate
141 from A23, while also indicating that the muting of warming and wetting due to
142 present-day methane shortwave absorption was underestimated. We further

143 expand upon our understanding of the climate effects of CHssw by conducting an
144  atmospheric energy budget analysis, and by comparing the effects of methane SW
145  absorption with those from carbon dioxide SW absorption.

146

147 2 Materials and Methods

148

149  An array of targeted methane-only equilibrium climate simulations are conducted
150  with CESM2 (Danabasoglu et al., 2020), which includes the most recent model
151 components such as the Community Atmosphere Model version 6 (CAMS6).
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152 CAMG6’s radiation parameterization, the Rapid Radiative Transfer Model for

153  general circulation models (RRTMG; lacono et al., 2008) includes a representation
154  of CH4 SW absorption in three near-infrared bands including 1.6-1.9 um, 2.15-2.50
155 um and 3.10-3.85 um. Methane shortwave absorption at 7.6 um (the mid-infrared;
156  mid-IR), however, is not represented. Furthermore, although CESM2 includes a
157  representation of CH4 SW absorption, RRTMG underestimates CH4 (and CO.) SW
158  IRF by 25-45% (Hogan and Matricardi, 2020).

159  Our focus here is a set of 2.5x preindustrial atmospheric CH4 concentration

160  simulations, to complement the three methane perturbations (2x, 5x and 10x

161  preindustrial atmospheric CH4 concentrations) performed by A23. We perform
162  both fixed climatological sea surface temperatures (fSST) and fully coupled ocean-
163  atmosphere simulations (Table 1), and conduct two sets of identical experiments,
164  one that includes CHs LW+SW radiative effects (2.5xCHZ*F) and one that lacks
165 CH4 SW radiative effects (2.5xCHEZE ). CHa SW absorption in the three NIR
166  bands in RRTMG is turned off in the simulations that lack methane SW

167 absorption. These are compared to a default preindustrial control experiment
168 (PICEXP), which includes CHa (as well as other radiative species such as CO5)
169 LW+SW radiative effects, as well as to a preindustrial control experiment with
170  CHs SW radiative effects turned off (i.e., LW effects only, denoted as

171 PICRaE4sw). To clarify, SW changes can still be present in 2.5xCHE{ sy, but
172 only as an adjustment (or feedback) associated with the direct LW absorption of
173 methane. For example, direct LW absorption of methane can drive changes in
174  water vapor and clouds, which in turn could impact SW radiation.

175  This suite of CH4 simulations allows quantification of the CHs LW+SW, LW and
176  SW radiative effects, denoted as 2.5XCHaLw+sw, 2.5XCHaLw and 2.5xCHasw. The
177 2.5XCHaLw+sw signal is obtained by subtracting the default 2.5xCHs perturbation
178 from the default control (2.5xCHEXP — PICEXP). The 2.5XCHaw signal is

179  obtained by subtracting the 2.5xCHj4 perturbation without CHs SW absorption from
180 the corresponding control simulation without CHs SW absorption

181 (2.5xCHEXEq, — PICEXE, ,sw). The 2.5XCHasw signal is obtained by taking the
182 double difference, i.e., (2.5xCHEXP — PICEXP) — (2.5xCHEE v —

183 PICEXE..ew). The 2.5xCHasw signal therefore represents CH4 SW absorption and
184  also the impacts of this SW absorption on CH4 LW adjustments (and feedbacks).
185 We also calculate the corresponding instantaneous radiative forcing (IRF), which is
186  defined as the initial perturbation to the radiation balance, using the Parallel

187  Offline Radiative Transfer (PORT) model (Conley et al., 2013). PORT isolates the
188 RRTMG radiative transfer computation from the CESM2-CAM®6 model

189  configuration.



https://doi.org/10.5194/egusphere-2024-872
Preprint. Discussion started: 10 April 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

190 Fixed SST experiments are used to estimate the ‘fast’ climate responses and the
191  effective radiative forcing (ERF). ERF is defined as the top-of-the-atmosphere

192 (TOA) net radiative flux difference between the experiment and control simulation,
193  with climatological fixed SSTs and sea-ice distributions without any adjustments
194  for changes in the surface temperature over land (Forster et al., 2016). ERF can be
195 decomposed into the sum of the IRF and rapid adjustments (ADJs). Rapid

196  adjustments represent the change in state in response to the initial perturbation (i.e.,
197 IRF) excluding any responses related to changes in sea surface temperatures. The
198 total climate response, which includes the IRF, ADJs and the surface temperature
199 feedbacks, is quantified using the coupled ocean-atmosphere experiments. The

200 surface temperature feedbacks (i.e., ‘slow’ response) are estimated as the

201  difference between the coupled ocean atmosphere simulations and the

202 climatologically fixed SST experiments. The rapid adjustments, which for

203 example include clouds and water vapor, are estimated using the radiative kernel
204 method (Soden et al., 2008; Smith et al., 2018, 2020) applied to the climatological
205 fixed SST simulations. A radiative kernel is basically the partial derivative of the
206  radiative flux with respect to a variable (e.g., moisture) that changes with

207 temperature. It therefore represents the radiative impacts from small perturbations
208 inastate. To calculate the rapid adjustments, the radiative kernel is multiplied by
209 the change in the climate variable under consideration (from the fSST simulations).
210 The Python-based radiative kernel toolkit of Soden et al. (2008), along with the
211  Geophysical Fluid Dynamics Laboratory radiative kernel, are used here. The

212 method for calculating cloud rapid adjustments with radiative kernels is a bit more
213 involved. Here, we use the kernel difference method (Smith et al., 2018) which
214  employs a cloud-masking correction applied to the cloud radiative-forcing

215 diagnostics. The cloud-masking correction is based on the kernel-derived non-

216  cloud adjustments and IRF. A23 showed that this methodology performed well,
217 including a small residual term (i.e., ERF — IRF — £AD]s < ~5%). Furthermore,
218  similar results were obtained with an alternative radiative kernel based on

219  CloudSat/CALIPSO (Kramer et al., 2019).

220  Our simulations are performed at 1.9° x 2.5° latitude-longitude resolution with 32
221 atmospheric levels. Coupled ocean-atmosphere experiments are initialized from a
222 spun-up preindustrial control simulation and subsequently integrated for 90 years.
223  Total climate responses are estimated using the last 40 years of these coupled

224  ocean-atmosphere experiments. As climatologically fixed SST simulations

225  equilibrate more quickly, these are run for 32 years. The ERF and rapid

226  adjustments are estimated from the last 30 years of these fSST experiments.

227  Atwo-tailed pooled t test is used to assess the statistical significance of a climate
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228  response, based on the annual mean difference between the experiment and

229  control. We evaluate a null hypothesis of zero difference with ny + n2 — 2 degrees

230  of freedom. Here, n1 and n are the number of years in the experiment and control

231 simulations (e.g., 90 years for the coupled ocean-atmosphere runs). The pooled

(n1-1)S2+(n2-1)s2
nil+nz2-2

232 variance is used, where Sy and S are the sample variances.

233
234 3 Results
235 3.1 2.5xCH4 Radiative Flux Components & Rapid Adjustments

236  Figure 2a shows the 2.5xCH4 TOA ERF, IRF and ADJ, as well as the radiative
237 kernel decomposition of ADJ (Fig. 2b). Corresponding plots for 2xCHjs are also
238 included in Fig. 2c,d. As expected, the 2.5xCH4 produces a larger TOA IRF than
239 2XCHa. For example, the TOA LW IRF increases from 0.32 W m2 under 2xCHs
240  (Fig. 2c) to 0.46 W m2 under 2.5XCH4 (Fig. 2a). The TOA SW IRF under

241 2.5XCH.is 0.06 W m™ (Fig. 2a). Although this remains relatively small (and not
242  statistically significant at the 90% confidence level), it represents a 50% increase
243 relative to 2xCHs at 0.04 W m (Fig. 2c).

244

245  Similarly, the 2.5xCHjs instantaneous shortwave heating rate (QRS) profile (Figure
246  3a) exhibits slightly larger positive values as compared to 2xCH. for atmospheric
247  pressure levels less than ~700 hPa. 2.5xCHasw also exhibits slightly larger

248  negative QRS for pressure levels greater than ~700 hPa. As discussed in A23,
249  increasing the atmospheric methane concentration does not increase lower-

250 tropospheric SW heating because the three near-infrared bands are already highly
251  saturated here (e.g., due to water vapor absorption). Furthermore, the methane-
252 induced QRS increase aloft decreases the available solar radiation in the three
253 near-IR methane absorption bands (1.6-1.9 um, 2.15-2.50 um and 3.10-3.85 um)
254  that can be absorbed by other gases (e.g., water vapor) in the lower-troposphere.
255  This results in the decrease in SW heating-rate in the lower troposphere (Fig. 3a).
256  Both of these features exist under 2.5xCHasw and are consistent with the larger
257  methane perturbations (e.g., 5XCHasw), which feature relatively large QRS

258 increases aloft and QRS decreases in the lower troposphere.

259

260 As mentioned above, A23 showed that methane SW radiative effects lead to a
261 negative rapid adjustment (largely due to changes in clouds) that acts to cool the
262  climate system. A positive ADJ represents a net energy increase, whereas a

263  negative ADJ represents a net energy decrease. Individual rapid adjustments, as
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264  well as the total adjustment, under 2.5xCHg are displayed in Figure 2b. Under

265  2.5XCHuasw, the total rapid adjustment is -0.16 W m2, which is largely due to the
266  cloud adjustment at -0.12 W m2. The stratospheric temperature adjustment

267  contributes the remainder at -0.04 W m. The other components are relatively

268  small and not significant at the 90% confidence level. Qualitatively similar but

269  weaker (and not significant at the 90% confidence level) results occur for 2XxCHasw
270  (Fig. 2d). Thus, similar to the larger CH4 perturbations in A23, 2.5xCHasw Yyields a
271  significant negative total rapid adjustment that is largely due to the cloud

272 adjustment.

273 This negative rapid adjustment promotes a negative ERF under methane SW

274  absorption. This is because the ERF is the sum of ADJs and IRF. For example,
275  under the larger 5XCHasw perturbation in A23, the ERF and ADJ were both

276  significant at -0.22 W m and -0.36 W m?, respectively. The corresponding ERF
277 and ADJ for 2xCHasw (Fig. 2c) are also negative, but smaller in magnitude (and
278  not significant at the 90% confidence level) at -0.09 and -0.13 W m2, respectively.
279 Under 2.5xCHasw, the ERF and ADJ (Fig. 2a) are larger at -0.10 W m2and -0.16
280 W m=, respectively, with the latter significant at the 90% confidence level. As
281  with the larger methane perturbations, 2.5xCHasw offsets ~20% of the ERF

282  associated with 2.5XCHaLw (0.53 W m™).

283

284  The corresponding surface CHssw “ERFs” (not shown) are more negative than

285 those at the TOA, at -0.14 W m2 for 2xCHasw and -0.18 W m2 for 2.5XCHasw (the
286 latter is significant at the 95% confidence interval). We note that technically this is
287  not an ERF, but we retain this terminology since it is calculated analogously to

288  EREF, just using surface as opposed to TOA radiative fluxes. This negative surface
289  ERF is consistent with negative surface CHasw IRF values (due to atmospheric

290 solar absorption, which decreases surface solar radiation), and the vertical

291  redistribution of shortwave heating (Fig. 3a) that drives a negative surface rapid
292  adjustment that is again largely due to the cloud adjustment. The surface CHasw
293 IRF values are -0.07 W m for 2xCHasw and -0.10 W m for 2.5XCHasw, and the
294  corresponding sum of the surface rapid adjustments are -0.07 W m2 for 2xCHasw
295  and -0.09 W m for 2.5xCHasw (not shown).

296

297  To summarize, relative to 2xCHasw, 2.5XCHasw yields larger (10-20%) and more
298 negative TOA and surface IRFs, ERFs, and ADJs. The larger negative ERFs (and
299  ADJs) act to promote cooling.

300

301
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302 3.2 2.5xCHasw Fast Climate Response

303

304  Figure 3b-f shows global mean vertical response profiles from the fSST

305 simulations for the four methane shortwave absorption perturbations (e.g.,

306 2.5xCHasw). Relative to 2xCHasw, 2.5XCHasw Yields slightly larger QRS increases
307 (Fig. 3b) in the upper troposphere/lower stratosphere, as well as slightly larger

308 QRS decreases in the lower-troposphere. This is consistent with the

309 aforementioned instantaneous QRS profile response (Fig. 3a). These changes are
310 associated with temperature (Fig. 3c) and relative humidity (RH; Fig. 3d) changes
311 that favor increases in low-level cloud cover (CLOUD; Fig. 3e) that peak near 800
312  hPa and decreases in high-level cloud cover (e.g., for pressures < 300 hPa). Both
313  of these CLOUD responses act to cool the surface. Compared to 2xCHasw, these
314  cloud changes are generally larger under 2.5xCHasw (and become even larger

315 under the larger methane perturbations). For example, 2.5XCHasw Yyields a

316  decrease in global mean lower-tropospheric (pressures > 800 hPa) temperature of -
317 0.02 K (not significant at the 90% confidence level) and an increase in upper-

318 tropospheric (between 100 and 500 hPa) temperature of 0.08 K (significant at the
319  99% confidence level). Similarly, global mean lower-tropospheric RH increases
320 by 0.01% and upper-tropospheric RH decreases by -0.08% (however, both changes
321 are not significant at the 90% confidence level). Global mean lower-tropospheric
322 CLOUD increases by 0.04% (significant at the 90% confidence level) and upper-
323  tropospheric CLOUD decreases by -0.06% (significant at the 99% confidence

324 level).

325 Correlations between the 2.5xCHasw global mean vertical response profiles show
326  significant correlations. For example, the correlation between the global mean
327  vertical temperature and QRS response profile from 990 hPa to 100 hPa is 0.93.
328  The corresponding correlation between temperature and RH is -0.89, and the

329  corresponding correlation between RH and CLOUD is 0.80. Thus, an increase in
330 SW heating is associated with warming whereas a decrease in SW heating is

331 associated with cooling. Warming is associated with a decrease in RH whereas
332 cooling is associated with an increase in RH. Furthermore, an increase in RH is
333  associated with an increase in CLOUD whereas a decrease in RH is associated

334 with a decrease in CLOUD. These results help to support the importance of

335 atmospheric SW absorption in driving the CLOUD response through altered

336 temperature and RH. Spatial correlations at specific pressure levels also yield

337 similarly significant but somewhat weaker correlations (Supplementary Figure 1).
338 For example, spatially correlating the global mean annual mean change in CLOUD
339  with the corresponding change in RH yields significant correlations in the lower-
340  troposphere ranging from 0.40 to 0.65, as well as in the upper-troposphere ranging
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341 from 0.71to 0.81. Similar conclusions are obtained with the larger methane
342  perturbations.

343  These cloud changes are similar to those that occur in response to absorbing

344  aerosols like black carbon (i.e., the aerosol-cloud semi-direct effect; Amiri-

345 Farahani et al., 2019; Allen et al., 2019). Black carbon solar heating warms and
346  dries (decreased relative humidity) the free troposphere, which promotes less cloud
347  cover in the mid- to upper-troposphere (Stjern et al., 2017). Cooling of the lower
348  troposphere and warming aloft also suggest enhanced lower-tropospheric stability.
349  As lower-tropospheric stability is a measure of the inversion strength that caps the
350 boundary layer, enhanced lower-tropospheric stability traps more moisture in the
351 marine boundary layer, allowing for enhanced cloud cover (e.g., Wood and

352 Bretherton, 2006). Under 2.5xCHasw, global mean lower-tropospheric stability
353 significantly increases (at the 95% confidence level) by 0.03 K. Larger increases
354 in lower-tropospheric stability occur under the larger methane perturbation, e.g.,
355  0.07 K under 10xCHasw. This increase in lower-tropospheric stability is consistent
356  with the increase in low cloud cover, most of which occurs over the oceans

357  (Supplementary Figure 2a,d). Furthermore, enhanced stability also suggests

358 reduced convective mass flux in the mid/upper-troposphere. Although we did not
359 archive convective mass flux, Fig. 3f shows changes in convective cloud cover
360 (CONCLOUD). All methane perturbations show decreased CONCLOUD in the
361 mid/upper troposphere (pressures < 800 hPa). CONCLOUD also increases in the
362 lower-troposphere (peaking near 900 hPa). Although these CONCLOUD changes
363 are weaker than those associated with CLOUD, their profiles are very similar,

364 implying that changes in convection also contribute to changes in CLOUD.

365

366 3.3 2.5xCHasw Total Climate Response

367

368  Figure 4a-e shows global mean vertical total climate response profiles from the
369 coupled ocean-atmosphere simulations for the four methane shortwave absorption
370 perturbations (e.g., 2.5XCHasw). The QRS, RH and CLOUD responses are similar
371 to those from the fSST simulation (Fig. 3), which further highlights the importance
372 of rapid adjustments to the total climate response. Furthermore, 2.5XxCHasw Yyields
373 larger QRS increases (Fig. 4a) in the upper troposphere/lower stratosphere relative
374 to 2xCHasw, as well as larger lower-tropospheric QRS decreases. Increases in low-
375 and mid-level clouds (Fig. 4c; peaking near 800 hPa) and decreases in high-level
376  clouds (for pressures < 300 hPa) occurs, both of which act to cool the surface (Fig.
377  4f). Cooling of the troposphere (Fig. 4b) is much more pronounced under

10



https://doi.org/10.5194/egusphere-2024-872
Preprint. Discussion started: 10 April 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

378  2.5xCHasw as compared to 2xCHasw, and in better agreement to the larger CH4
379  perturbations.

380

381 Relative to the fast responses discussed above, the total responses are generally
382 larger and more significant in the lower (and mid) troposphere but weaker in the
383  upper troposphere. This is in general consistent with allowing the surface to

384  respond to the CHasw perturbation in the fully coupled ocean-atmosphere

385 experiments, and in particular, the negative surface CHasw “ERFs” discussed in
386  Section 3.1 (i.e., decrease in surface solar radiation). For example, the 2.5XCHasw
387 total response features a decrease in global mean lower-tropospheric temperature
388  (Fig. 4b) of -0.10 K which is significant at the 95% confidence level and about 5x
389 as large as the cooling under the fast response (Fig. 3c). A non-significant

390 decrease in upper-tropospheric temperature of -0.02 K occurs under the total

391  response, in contrast to the upper-tropospheric warming under the fast response
392 (Fig. 3c). Similarly, global mean lower-tropospheric RH (Fig. 4d) increases by
393  0.06% (significant at the 90% confidence level) under the 2.5xCHasw total

394  response, with a non-significant change in upper-tropospheric RH of 0.0002%.

395  Global mean lower-tropospheric CLOUD (Fig. 4c) increases by 0.12% (significant
396 at the 99% confidence level) and upper-tropospheric CLOUD decreases by -0.05%
397  (significant at the 99% confidence level). The corresponding changes under the
398 fast response (Fig. 3) are muted in the lower-troposphere (i.e., smaller increases in
399 RHand CLOUD) but augmented in the upper-troposphere (i.e., larger decreases in
400 RHand CLOUD). The total response of CONCLOUD (Fig. 4e) is generally

401  similar to the fast response (Fig. 3f), although the 2.5xCHasw total response lacks
402  anincrease in the lower-troposphere.

403

404  Global maps of the TAS and PRECIP total climate responses (from coupled ocean-
405 atmosphere simulations) under 2.5xCHasw are shown in Figure 4f,g. The global
406  mean TAS response is -0.10 K (significant at the 95% confidence level); the global
407 mean PRECIP response is -0.008 mm d* (-0.27%) which is not significant at the
408  90% confidence level. Comparing these 2.5XCHasw responses to the

409  corresponding 2.5xCHaLw responses of 0.35 K and 0.012 mm d-* shows that under
410  2.5xCHj4, methane shortwave absorption offsets 29% of the surface warming and
411  66% of the precipitation increase associated with its longwave radiative effects.
412 We briefly note that some small areas of surface warming occur, e.g. central

413  Canada/US. This warming is related to changes in atmospheric circulation,

414 including an atmospheric ridge pattern in tropospheric geopotential heights (e.g.,
415 deepening of the Aleutian low to the west) and local decreases in low cloud cover
416  and enhanced surface solar radiation over central Canada/US (not shown).

417
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418  We also note that the TAS response under 2.5XCHasw, 5XCHasw and 10XCHasw
419 approximately scales with every doubling of atmospheric methane concentrations.
420  That is, going from 2.5xCHasw to 5XCHasw Yyields approximately double the

421 surface cooling (-0.10 to -0.23 K); similarly going from 5XCHasw to 10XCHasw
422  vyields approximately another doubling of the surface cooling (-0.23 to -0.40 K).
423  Similar conclusions apply for the TOA SW IRF, which approximately doubles
424 from 2.5XCHasw to 5XCHasw (0.06 to 0.14 W m2), as well as from 5XCHasw to
425  10XCHasw (0.14 to 0.27 W m™2). Similarly, the ERF associated with methane SW
426 absorption (which as mentioned above includes CH4 SW absorption and the impact
427  of this SW absorption on CH4 LW adjustments) increases from -0.10 W m under
428 2.5XCHasw to -0.22 W m2 under 5XCHasw, and to -0.44 W m under 10xCHasw.

429
430 3.4 2.5xCHasw Climate Feedbacks

431  We apply the radiative kernel decomposition to the 2.5xCHasw coupled ocean-
432 atmosphere simulation (Figure 5). The ‘fast’ responses from the fixed

433  climatological SST runs (i.e., the rapid adjustments) and the surface-temperature-
434  induced ‘slow’ climate feedbacks (i.e., the difference between the coupled ocean
435 atmosphere and fixed climatological SST simulations) are also included. Here, a
436  positive feedback has the same meaning as a positive ADJ, as both represent a net
437  energy increase. Similarly, a negative feedback has the same meaning as a

438 negative ADJ, as both represent a net energy decrease. As with the larger methane
439  perturbations, the cloud rapid adjustment and the cloud slow feedback under

440  2.5XCHasw are both negative at -0.12 W m2 and -0.28 W m, respectively. This
441 implies that surface cooling in response to 2.5xCHasw radiative effects is largely
442  due to the cloud rapid adjustment and cloud feedbacks.

443 As mentioned in Section 3.1, the 2.5xCHasw stratospheric temperature adjustment
444 under fixed climatological SSTs also significantly contributes (at -0.04 W m™;

445  about 1/3 the magnitude of the cloud adjustment) to the total rapid adjustment.

446  This negative stratospheric temperature adjustment is consistent with the relatively
447  large increase in stratospheric shortwave heating (Fig. 3b) and warming (Fig. 3c),
448  which results in enhanced outgoing longwave radiation (i.e., loss of energy and a
449  negative adjustment). The tropospheric temperature adjustment (Fig. 5) is also
450 negative but not significant at the 90% confidence level at -0.03 W m™2. In

451  contrast, the surface temperature adjustment at +0.02 W m-2 (associated with

452  cooling of the land surfaces and subsequent reduction in upwards longwave

453  radiation) acts to weakly mute the negative total rapid adjustment. The other

454 2.5xCHasw rapid adjustment components are relatively small and not significant at
455  the 90% confidence level.
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456  In terms of the 2.5xCHasw slow feedback, in addition to the dominant negative
457  contribution from clouds, the water vapor and surface albedo feedback also

458  significantly contribute to the negative total feedback at -0.09 and -0.03 W m?,
459  respectively (Fig. 5). These are associated with tropospheric/surface cooling,
460 resulting in less water vapor (a greenhouse gas) and enhanced snow/ice over land
461  (enhanced albedo). In contrast, the tropospheric temperature and surface

462  temperature adjustments are both significant and positive at 0.25 and 0.05 W m~2,
463  respectively, and act to mute the total negative feedback.

464  Decomposing the 2.5xCHasw cloud rapid adjustment into shortwave and longwave
465  radiation components (not shown), we find the cloud rapid adjustment for

466  shortwave radiation is -0.08 W m-2and the cloud adjustment for longwave

467  radiation is -0.05 W m (both significant at the 90% confidence level). Thus, both
468  shortwave and longwave cloud radiative components contribute similarly to the
469  negative cloud rapid adjustment. Decomposing the slow cloud feedback into

470 shortwave and longwave radiation components, we find corresponding values of -
471 0.31and 0.04 W m, respectively. Here, the negative cloud feedback is largely
472 due to cloud shortwave radiative effects, which is partially muted by cloud

473 longwave radiative effects. These changes are qualitatively consistent with the
474  2.5XCHssw CLOUD changes discussed in Section 3.3, under the broad assumption
475  that low clouds primarily reflect shortwave radiation and high clouds primarily
476  inhibit outgoing longwave radiation. 2.5xCHassw CLOUD changes under the fast
477 response (Fig. 3e) are augmented in the upper-troposphere (larger decreases in

478  high-level cloud) as compared to the total response (Fig. 4c) and in particular the
479  slow (Supplementary Figure 3c; Supplementary Figure 4d) response. The weaker
480 decrease in upper-level clouds under the slow response is consistent with a lack of
481  anincrease in upper-tropospheric shortwave heating rate (Supplementary Fig. 4a).
482  These statements are clearer under 10xCHasw (Supplementary Figure 3f;

483  Supplementary Figure 5). In contrast, CLOUD changes under the total response
484  (and slow feedback) are augmented in the low to mid-troposphere (larger increases
485 in low to mid-level cloud) as compared to the fast response. The larger increase in
486  low-level cloud under the slow response (most of which occurs over marine

487  stratocumulus regions off the North and South American western coasts;

488  Supplementary Figure 3a,d) is consistent with a low-level cloud positive feedback
489 i.e., surface cooling promotes more low clouds and in turn, more cooling, etc.

490 (Clement et al., 2009; Zelinka et al., 2020).

491

492  To summarize, we find that the shortwave absorption associated with the present-
493  day methane perturbation (2.5xCHj4) offsets 19% of the ERF, 29% of the surface
494  warming and 66% of the precipitation increase associated with its longwave
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495 radiative effects. These responses are associated with changes in the vertical

496  profiles of shortwave heating (i.e., increases for pressures < 700 hPa and decreases
497  for pressures > 700 hPa) which impacts atmospheric temperature, relative humidity
498  and cloud cover. Our 2.5xCHasw results are therefore qualitatively consistent with
499  those based on the larger 5XCHs and 10xCHa perturbations showed in A23.

500

501 3.5 Additional Analysis of the Precipitation Response

502

503 Precipitation responses can be understood from an energetic perspective (Muller
504 and O’Gorman, 2011; Richardson et al., 2016; Liu et al., 2018). Precipitation is
505 related to the diabatic cooling and the dry static energy flux divergence of the

506 atmosphere as L¢P = Q + H, where L is the latent heat of condensation of water
507  vapor; P is precipitation; Q is the column integrated diabatic cooling excluding

508 latent heating; and H is the column integrated dry static energy flux divergence. Q
509 is estimated as LWC + SWC + SH, where LWC is the net longwave radiative

510 cooling and SWC is the net shortwave radiative cooling from the atmospheric

511  column (i.e., difference between top-of-atmosphere and surface); and SH is the net
512  downwards sensible heat flux at the surface. H is estimated as the residual between
513 LcPand Q.

514  Figure 6a,b shows the atmospheric energy budget decomposition for the total, fast
515 and slow responses under 10xCHasw and 2.5xCHasw. Under both CHasw

516  perturbations, the decrease in global mean precipitation (i.e., the energy of

517  precipitation L¢P) is dominated by the slow response. For example, under

518  2.5XCHasw L¢P decreases by -0.09 W m under the fast response. This increases
519  (in magnitude) to -0.15 W m under the slow response (i.e., total decrease is -0.24
520 W m). Although these 2.5xCHasw changes are not significant at the 90%

521  confidence level, all three L.P decreases are significant under 10xCHasw at -0.29, -
522 0.83 and -1.12 W m?, respectively. The precipitation decrease under the slow

523  response is associated with a significant decrease in net longwave atmospheric

524  radiative cooling of -0.17 W m™2 for 2.5XCHasw and -1.03 W m2 for 10xCHasw
525 (i.e., anomalous longwave radiative warming) which is consistent with cooling of
526  the troposphere (e.g., Supplementary Fig. 4b and 5b). The decrease in net

527  longwave atmospheric radiative cooling under the slow response is weakly muted
528 by an increase in net shortwave radiative cooling at 0.02 W m for 2.5xCHasw and
529 0.30 W m for 10xCHasw (i.e., anomalous shortwave radiative cooling), consistent
530  with tropospheric cooling and decreases in atmospheric water vapor (i.e., specific
531  humidity decreases throughout the troposphere under the slow response;

532  Supplementary Fig. 4f and 5f). This yields less solar absorption by water vapor,
533 i.e., QRS decreases in the mid- and upper-troposphere under the slow response
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534  (Supplementary Fig. 4a and 5a).

535 The CHasw decrease in L¢P under the fast response is associated with opposite
536 changes in SWC and LWC, including dominance of the SWC term as opposed to
537  the LWC term. This includes a significant SWC decrease of -0.17 W m™2 for

538  2.5XCHasw and -0.85 W m-2 for 10xCHasw (i.e., less shortwave radiative cooling),
539  which is consistent with the enhanced solar absorption by CHasw under the fast
540  response (e.g., Supplementary Fig. 4a and 5a). This is partially offset by an

541 increase in LWC, consistent with mid- to upper-tropospheric warming and

542  enhanced outgoing longwave radiation.

543  The L.P decrease under the total response is associated with similar magnitude
544  decreases in both SWC and LWC. This is particularly true for 10xCHasw, where
545 the SWC term decreases by -0.55 W m2 and the LWC term decreases by -0.51 W
546 m2, Under 2.5XCHasw, the corresponding changes are not significant at -0.15 and
547  -0.08 W m?, respectively. In all cases, the H term is near zero in the global mean
548  (i.e., energy transport in global mean should be zero). Similarly, the SH term is
549  generally small in all cases.

550 To summarize these results, the decrease in global mean precipitation under CHasw
551 is associated with both the fast and slow response, with most of the precipitation
552  decrease related to the slow (surface temperature mediated) response. The

553  decrease in precipitation under the fast response is largely due to the enhanced

554  solar absorption by CHasw (decrease in the SWC term above), i.e., as atmospheric
555  solar absorption increases, net atmospheric radiative cooling decreases, which

556  leads to a decrease in precipitation. In contrast, the decrease in precipitation under
557  the slow response is largely due to cooling of the troposphere and a decrease in net
558  longwave atmospheric radiative cooling (decrease in the LWC term above).

559

560 The importance of both the fast and slow response (and the dominance of the slow
561 response) in driving less global mean precipitation under CHasw is in contrast to
562  other shortwave absorbers such as black carbon. With idealized black carbon

563  perturbations, for example, the fast and slow global mean precipitation responses
564 oppose one another. The fast response (associated with black carbon atmospheric
565 solar absorption) yields a global mean decrease in precipitation whereas the weaker
566  slow response (associated with surface warming) yields an increase in global mean
567 precipitation (Samset et al., 2016; Stjern et al., 2017). The net result is a decrease
568 in global mean precipitation, largely due to the fast response and enhanced

569 atmospheric solar absorption by black carbon.

570  Thus, the main difference between the black carbon and CHasw impact on global
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571 mean precipitation is related to the slow response. Black carbon warms the surface
572 which mutes the overall decrease in global mean precipitation (from the fast

573  response). In contrast, CHasw cools the surface, which adds to the overall decrease
574 in global mean precipitation (and contributes more to the decrease than does the
575 fast response). We suggest this difference is related to differences in the vertical
576 QRS profile. Under CHasw, QRS heating aloft encourages less precipitation

577 whereas QRS cooling (e.g., Fig. 3a,b) below (pressures < 700 hPa) encourages

578  tropospheric/surface cooling and a decrease in precipitation. Under black carbon,
579 the QRS profile is more vertically uniform with increases throughout the

580 atmosphere (e.g., Supplementary Figure 4 from Stjern et al., 2017). As with

581  CHoasw, black carbon QRS heating aloft encourages less precipitation whereas

582  black carbon QRS heating below encourages surface warming and an increase in
583  precipitation. Implicit in this argument is that the differences in the vertical solar
584  heating profile between black carbon and CHasw also drive the different

585  surface/tropospheric temperature responses (i.e., warming under black carbon but
586  cooling under CHasw).

587 3.6 Comparisons with COasw

588

589  In addition to CHa, other greenhouse gases (GHGS), including carbon dioxide

590 (COy,), also absorb solar radiation. As with most climate models, CESM2 (via

591 RRTMG) includes a representation of CO. SW absorption. In particular, RRTMG
592 includes CO2 SW absorption in four NIR/mid-IR bands: 1.3-1.6 um, 1.9-2.15 um,
593  2.5-3.1 um and 3.8-12.2 um. As mentioned above, RRTMG underestimates CO:
594  SW IRF by 25-45% (Hogan and Matricardi, 2020).

595  Prior studies (focused on the radiative forcing) have shown the SW absorption

596  effects of the present-day CO- perturbation are relatively small (Myhre et al., 1998;
597 Etminan et al., 2016; Shine et al., 2022). For example, from the perspective of the
598 SARF at the tropopause, CO> SW absorption yields a negative forcing that acts to
599  decrease the magnitude of the CO, LW forcing by about 5% (Myhre et al., 1998;
600 Etminan et al., 2016). This is largely due to direct SW absorption in the

601  stratosphere dominating over relatively weak increases in tropospheric SW

602  absorption due to overlap with water vapor (Etminan et al., 2016). The former acts
603  to decrease downward SW at the tropopause (leading to a negative contribution

604 that dominates the net effect), whereas the latter decreases upwards SW at the

605 tropopause (leading to a smaller, positive forcing). The direct SW absorption in
606 the stratosphere, by reducing LW cooling, also affects the temperature adjustment
607  (i.e., the LW flux from the stratosphere to the troposphere is increased). As shown
608 by Etminan et al. (2016), the overall negative contribution due to COasw is due to
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609 the dominance of its 2.7 pm band. In contrast, for CHasw, the overall positive SW
610 forcing is due to both its 1.7 and 2.3 um bands. This contrasting behavior between
611  COasw and CHasw is largely driven by the amount of overlap of the SW absorption
612  bands with the near-IR absorption bands for water vapor (Etminan et al., 2016).
613

614  To gain a better understanding of the importance of the SW absorption effects due
615 to CHs relative to CO2, we repeat our suite of CESM2 experiments, but based on
616 idealized CO: perturbations, including 2x and 4x preindustrial atmospheric CO>
617 concentrations. This includes two sets of identical experiments (e.g., Table 1), one
618 that includes CO, LW+SW radiative effects (e.g., 2xCO5*P) and one that lacks
619 CO. SW radiative effects (e.g., 2xCO5x5ey,). CO2 SW absorption in the four

620  NIR/mid-IR bands in RRTMG is turned off in the simulations that lack CO., SW
621 radiative effects. These are compared to the default preindustrial control

622  experiment (PICEXP), which includes CO, (and CH4) LW+SW radiative effects, as
623  well as to a new preindustrial control experiment with CO2 SW radiative effects
624  turned off (i.e., LW effects only, denoted as PICkaozsw). As with the methane
625  perturbations, this suite of CO2 simulations allows quantification of the CO-

626 LW+SW, LW and SW radiative effects, denoted for example as 2xCO2Lw+sw,

627  2XCOazw and 2xCO2sw. The 2xCOzLw-sw signal is obtained by subtracting the

628 default 2xCO; perturbation from the default control (2xCOEXP — PICEXP). The
629  2xCOaw signal is obtained by subtracting the 2xCO, perturbation without CO-
630 SW absorption from the corresponding control simulation without CO2 SW

631  absorption (2xCOEXE ., — PICEXE ,su). The 2xCOssw signal is obtained by

632 taking the double difference, i.e., (2xCO5*P — PICEXP) — (2xCO5{Esw —

633 PICK3c025w)-

634  We note here that it is difficult to directly compare our CHs and CO; results. For
635 example, 2.5xCHa represents an increase of ~0.0012 ppm whereas 2xCO>

636  represents an increase of ~560 ppm. Nonetheless, we provide a qualitative

637  comparison below, with emphasis on the proportion of LW radiative effects offset
638 by SW radiative effects for each GHG.

639  Figure 7 shows the corresponding TOA radiative fluxes and rapid adjustments for
640  both 2xCO- and 4xCO.. As expected, these perturbations yield a large positive

641 TOA LW IRF at 2.59 W m for 2xCO; and 5.30 W m2 for 4xCO,. The

642  corresponding TOA SW IRFs are also positive, but they are much smaller at 0.03
643 and 0.05 W m, respectively (only the latter is significant at the 90% confidence
644 level). The total rapid adjustment for both CO> perturbations is negative under SW
645 radiative effects at -0.06 W m for 2xCO; and -0.40 W m-2 for 4xCO,. The larger
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646  negative total ADJ offsets the less positive IRF, leading to a negative ERF at -0.03
647 W m2 for 2xCO2sw and -0.35 W m2 for 4xCOzsw (only the latter is significant at
648  the 90% confidence level).

649  These results are qualitatively consistent with 2.5xCHasw (Fig. 2), including a

650 negative ADJ that offsets the positive IRF, leading to a negative ERF. The

651 methane SW radiative effect, however, represents a larger percentage of its LW
652 radiative effect. As discussed above, 2.5xCHasw (and the larger methane

653  perturbations from A23) offsets ~20% of the positive ERF associated with

654 2.5XCHasw. This is due to a relatively strong negative rapid adjustment associated
655  with CHasw (e.g., -0.16 W m2 for 2.5xCHasw, which increases to -0.77 W m for
656  10XCHasw). This, in turn, drives the negative CHasw ERF.

657  In contrast, 2xCOzsw and 4xCO2sw offset only 0.7% and 4%, respectively, of the
658  positive ERF associated with their LW radiative effects. The weaker CO2sw muting
659 of COzw ERF is related to a relatively weak COzsw negative adjustment (-0.06 W
660 m2 for 2xCOasw, but increasing to -0.40 W m for 4xCOzsw), that leads to a

661 relatively weak negative CO2sw ERF. The weaker CO2sw muting of CO2.w ERF is
662 also related to the relatively large and positive CO..w ERF. This large and positive
663 COz.w ERF is due to a relatively large and positive ADJ under CO2.w (largely due
664  to the stratospheric temperature adjustment, as well as clouds; Fig. 7) which

665 reinforces the relatively large and positive COz.w IRF. For example, 2xCOzLw

666 yields an ADJ of 1.55 W m and a corresponding ERF of 4.15 W m. Thus, the
667  weaker CO2sw muting of CO2.w ERF is related to a relatively weak SW radiative
668  effect, particularly compared to its very strong LW radiative effect.

669  We also note that the negative total rapid adjustment due to CO, SW absorption is
670 dominated by a negative stratospheric temperature adjustment (Fig. 7c,d). This is
671 also in contrast to methane, where clouds (followed by the stratospheric

672 temperature adjustment) drive most of the negative total rapid adjustment under
673  SW radiative effects (Fig. 2b). For 4xCOzsw, the stratospheric adjustment is -0.46
674 W m=2as compared to -0.19 W m for clouds. This larger negative stratospheric
675 adjustment under 4xCOazsw is consistent with relatively large shortwave heating
676 above ~200 hPa (to be discussed below).

677 The ERF, IRF and ADJ under 2xCO2 LW+SW radiative effects shown here

678  compare well with those from PDRMIP (Smith et al., 2018), although CESM2
679 vyields a larger positive ADJ (and ERF). For example, PDRMIP yields a multi-
680 model mean IRF, ERF and ADJ of ~2.5, 3.7 and 1.2 W m™, respectively. The
681  corresponding values from our 2xCO, CESM2 simulation are 2.6, 4.1 and 1.6 W
682 m?2. The bulk of CESM2’s larger ADJ is due to a larger cloud adjustment at 0.98
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683 W m2 compared to 0.45 W m2 for PDRMIP.

684  Figure 8a shows the global mean instantaneous shortwave heating rate profile for
685 2XCO2sw and 4xCOzsw. Both profiles show a decrease in QRS throughout the

686 troposphere with two minima, one near 800 hPa in the lower-troposphere and

687  another near 250 hPa in the upper troposphere. Above 200 hPa, QRS increases
688  rapidly through the stratosphere, reaching ~0.15 K d! at 3.6 hPa under 4XCO2sw.
689  The vertical structure of QRS under CO2sw shows similarities to that under CHasw
690  (Fig. 3a), but CO2sw exhibits QRS decreases throughout the entire troposphere as
691  well as relatively large QRS increases in the stratosphere. In other words, the

692 transition level from decreasing to increasing QRS occurs higher aloft under

693  COasw, with larger QRS increases in the stratosphere.

694  The corresponding fSST ‘fast’ responses are included in Figure 8b-f. The QRS

695 profile (Fig. 8b) is very similar to the corresponding instantaneous profile (Fig. 8a).
696  The relatively large COasw stratospheric solar heating helps to explain the

697  correspondingly large negative stratospheric temperature adjustment (Fig. 7c,d).
698  That is, the large increase in stratospheric solar absorption leads to corresponding
699  warming and subsequently, enhanced outgoing longwave radiation which acts to
700 cool the climate system. The decrease in tropospheric QRS is associated with

701 weak cooling (Fig. 8c), and increases in both relative humidity (Fig. 8d) and clouds
702 (Fig. 8e), with stronger responses under 4xCOasw as compared to 2xCOzsw. The
703  opposite responses occur in the stratosphere. These results again share similarities
704  to those based on CHasw (Fig. 3), but COasw exhibits more uniform changes

705 throughout the troposphere (i.e., the transition level occurs higher aloft), as well as
706  relatively large stratospheric changes.

707  Due to the relatively weak and non-significant 2xCOxsw radiative fluxes (and

708  limited computational resources), we only perform the coupled ocean-atmosphere
709  simulations for 4xCO,. Figure 9a-c shows the global mean total, fast and slow
710  response vertical profiles under 4xCO2sw for QRS, temperature and cloud cover.
711 Significant cooling (Fig. 9b) occurs under the total (and slow) response throughout
712 the troposphere, with maximum cooling of ~0.5 K near 200 hPa under the total
713 response. Above this level, cooling gradually weakens and transitions into

714 warming aloft, peaking at ~1 K near 50 hPa. This vertical temperature profile is
715  consistent with the instantaneous (Fig. 8a) and fast QRS profile (Fig. 9a), but less
716  with the QRS profile for the total climate response (Fig. 9a). The corresponding
717 vertical CLOUD total response profile (Figure 9¢) shows increasing cloud cover
718  throughout the troposphere, with decreases aloft (near 100 hPa), generally similar
719  to the fast response but with larger tropospheric CLOUD increases and weaker
720  CLOUD decreases aloft.
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721 The global maps of the TAS and PRECIP total climate response under 4xCOzsw
722 are included in Figure 9d,e. 4xCO2sw drives a significant decrease in TAS and
723 PRECIP at -0.38 K and -0.031 mm d* (-1.05%). However, when these responses
724  are scaled by the 4xCOasw ERF (-0.35 W m2), the temperature and precipitation
725  response per ERF are 1.09 K per W m2 and 0.089 mm d! per W m-2, which are
726  nearly the same as those under 2.5XCHasw at 1.0 K per W m2 and 0.080 mm d*!
727 per W m2. Similar values are also obtained for the two larger CH4 perturbations at
728  1.05and 0.90 K per W m2 for 5x and 10xCHasw, respectively (0.095 and 0.089
729  mmd* per W m for PRECIP). The similar climate response per unit ERF is not
730 unexpected, and is consistent with the general similarities (outside of the different
731 transition levels and stratospheric differences) between the CO2sw and CHasw

732 instantaneous QRS profile, as well as similar climate feedbacks. For example, as
733 with CHasw, the slow cloud response (i.e., the total response minus the fast

734 response) under 4xCOasw is also negative at —0.31 W m-2 (Figure 10), acting to
735 amplify the negative cloud rapid adjustment in both cases.

736 Although 4xCOgzsw and 2.5xCHasw Yyield very similar climate responses when

737 normalized by the corresponding ERF, the 4XCO.sw TAS and PRECIP responses
738 are quite small as compared to the corresponding LW radiative effects at 5.84 K
739 and 0.27 mm d* (9.1%), respectively. For example, if CHaw yielded the same
740  5.84 K of warming, this would correspond to surface cooling associated with

741 CHasw of ~1.75K (assuming 30% offset, which may not apply here). The weaker
742  effects of COgsw are illustrated in Figure 9f, which shows the 4xCQOzsw muting of
743 4xCOqaw (as a percentage; to be compared to Figure 1e for 2.5xCHa). In terms of
744  TAS, 4xCO2sw mutes 6.5% of the warming due to LW radiative effects. For

745  PRECIP, 4xCO2sw mutes 11.5% of the increase in precipitation due to LW

746  radiative effects. Thus, the muting effects of CO2sw are much weaker than those
747 associated with CHasw, where ~30% of the warming and ~60% of the wetting due
748 to CH4 LW radiative effects are offset.

749 We also perform the atmospheric energy balance calculation (Section 3.5) on the
750  suite of 4xCOasw simulations (Fig. 6¢). Overall, the conclusions discussed in

751 Section 3.5 under 2.5xCHasw and 10xCHasw also apply under 4xCOazsw. The

752  decrease in the global mean energy of precipitation under 4xCOzsw (-0.92 W m
753 under the total response) is associated with both the fast (a non-significant decrease
754 of -0.08 W m2) and slow response (-0.84 W m™2). Here, nearly all of the

755  precipitation decrease (91% as opposed to 63% for 2.5XCHasw and 74% for

756 10xCHasw) is related to the slow (surface temperature mediated) response. In other
757 words, only 9% of the precipitation decrease under 4xCOosw is due to the fast

758  response, which is much lower than that under CHasw (26-37%). The weaker
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759  contribution to the decrease in total precipitation by the 4xCOzsw fast response is
760  consistent with similar (but opposite signed) changes in the SWC and LWC terms
761 at-0.41 W m2and 0.35 W m2, respectively, which neutralize one another. This
762  cancellation is consistent with the 4xCOasw solar heating profile (e.g., Fig. 8b)
763  where nearly all of the heating occurs in the stratosphere. Thus, the added solar
764  heating—although decreasing the SWC term—primarily warms the stratosphere
765  where the energy is efficiently radiated back to space (i.e., the SWC decrease is
766  primarily balanced by an increase in the LWC term). This is in contrast to the
767 QRS profiles under CHasw (e.g., Fig. 3b) which show significant solar absorption
768  throughout the mid- and upper troposphere (pressures < 700 hPa). Thus, we

769  suggest the relatively weak decrease in precipitation under the 4xCOasw fast

770 response (relative to the CHasw perturbations) is related to differences in the

771 vertical QRS profile, with COsw solar absorption primarily occurring in the

772 stratosphere.

773 4 Discussion and Conclusions

774

775  We have expanded upon the work of A23, by explicitly simulating the radiative
776  and climate responses of the present-day (2.5x preindustrial) perturbation of

777 methane, decomposed into LW+SW, LW and SW radiative effects. Our results
778  here based on 2.5xCHa are consistent with the conclusions from A23, and re-

779  emphasize the importance of methane SW absorption—not only under relatively
780 large perturbations, but also under realistic, present-day perturbations.

781

782 Our new results suggest that the inferred muting of warming and wetting due to
783  present-day methane shortwave absorption was underestimated in A23. Figure
784  1c,d compares the simulated versus regression-estimated present-day CHa

785  temperature and precipitation responses. Surface cooling in response to the

786  simulated 2.5xCHasw is -0.10 K, relative to the inferred estimate of -0.04 K.

787  Although the simulated 2.5xCHaw warming at 0.35 K is also larger than that

788 inferred at 0.22 K, the increase in simulated versus inferred cooling due to

789  shortwave absorption represents a bigger fractional change. That is, the simulated
790  2.5XCHasw acts to mute 29% of the warming due to the corresponding methane
791  longwave radiative effects; the corresponding muting under the inferred

792 2.5XCHasw is only 18% (Fig. 1e). Similar conclusions apply for precipitation,
793 where 66% as opposed to 50% of the precipitation increase associated with

794  methane longwave radiative effects under the present-day methane perturbation is
795  offset by shortwave absorption (Fig. 1e). However, we reiterate that the global
796  mean precipitation response under 2.5XCHasw at -0.008 mm d* (-0.27%) is not
797  significant at the 90% confidence level. Nonetheless, similar to the larger methane
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798  perturbations emphasized in A23, SW absorption due to the present-day CH4

799  perturbation offsets ~30% of the warming and ~60% of the precipitation increase
800 associated with the present-day CH4 LW radiative effects. Muting of warming and
801  wetting is consistent with a negative CHisw ERF due to a negative rapid

802 adjustment dominated by clouds. This in turn weakens the positive ERF associated
803  with CHaw. Under the present-day methane perturbation, ~20% of the ERF

804  associated with methane longwave radiative effects is muted by shortwave

805 absorption, which is again similar to the larger CHs4 perturbations in A23.

806

807  An atmospheric energy budget analysis (Fig. 6) shows that the decrease in global
808 mean precipitation under CHasw is associated with both the fast and slow response,
809  with most of the precipitation decrease related to the slow (surface temperature

810 mediated) response. The decrease in precipitation under the fast response is

811 largely due to the enhanced solar absorption by CHasw, whereas the decrease in
812  precipitation under the slow response is largely due to cooling of the

813  surface/troposphere and a decrease in net longwave atmospheric radiative cooling.
814 The importance of both the fast and slow response (and the dominance of the slow
815 response) in driving less global mean precipitation under CHasw is in contrast to
816  other shortwave absorbers such as black carbon, which we suggest is related to

817  differences in the vertical QRS profile. That is, the CHssw QRS profile is positive
818  for pressures < 700 hPa and negative for pressures > 700 hPa, whereas the black
819 carbon QRS profile is more vertically uniform with increases throughout the

820 atmosphere. The former promotes surface cooling and less precipitation whereas
821  the latter promotes surface warming and more precipitation.

822

823  As many climate models lack methane SW absorption, our results imply that such
824 models may overestimate the warming and wetting due to the increase in

825 atmospheric methane concentrations over the historical time period. Similarly,

826  such models may also have deficient simulation of the corresponding methane

827  climate impacts under future climate projections.

828

829  We further show the importance of CHasw by comparison to CO2sw. CO2 SW

830 absorption yields qualitatively similar results to CHs SW absorption, including a
831 negative ADJ that offsets the positive IRF, leading to a negative ERF (Fig. 7). In
832  contrast to CHasw (where the cloud adjustment dominates), the negative ADJ under
833  COasw is largely due to the stratospheric temperature adjustment, which is

834  consistent with larger SW absorption in the stratosphere under COzsw (Fig. 8a).
835  More importantly, the muting effect of methane SW absorption is much larger than
836 that associated with CO: (e.g., Figure 9f). For example, 2xCOzsw offsets only

837  0.7% of the ERF associated with 2xCOz.w. Under 4xCOazsw, the corresponding
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838  offset is 4%. Consistent with these results, 4xCO.sw muting of the climate

839  responses due to 4xCOz.w are also relatively small (about five times smaller as
840  compared to the 2.5xCHasw muting effects), at 6.5% for TAS and 11.5% for

841 PRECIP. Although we have not performed a suite of present-day CO. simulations
842  (i.e., ~1.5xCO,) to compare to the present-day CH4 simulations, the above results
843  strongly suggest that the present-day CO2 SW absorption effects are negligible

844  (e.g., <1% muting of COz.w ERF under 2xCO>). In contrast, SW absorption

845 associated with the present-day CHa perturbation is not negligible, and acts to

846  offset a significant proportion of CH4 LW radiative effects.

847

848  As our conclusions continue to be derived from one climate model, we encourage
849  additional multi-model studies to evaluate the robustness of these results. Ideally,
850 this includes simulations that include interactive chemistry (e.g., methane can

851  enhance tropospheric ozone production), as our CESM2/CAMG6 simulations do not.
852  We also reiterate that there are known deficiencies in the shortwave radiative

853  transfer code used in most climate model calculations, including CESM2. As

854 mentioned above, CESM2’s radiative transfer model (RRTMG) underestimates
855 CHgs (and CO;) SW IRF by 25-45% (Hogan and Matricardi, 2020). This is in

856  addition to the various subtleties in the quantification of methane shortwave

857  forcing identified by Byrom and Shine (2022). These subtleties include the need
858  for careful representation of the spectral variation of surface albedo and the vertical
859  profile of methane, and the role of shortwave absorption at longer wavelengths,
860  specifically methane’s 7.6 um band that is not included in some climate model

861 radiation codes, including RRMTG. Thus, additional efforts are needed to

862 improve climate model representation of CHasw.

863

864  In the context of the most recent IPCC ERF estimates, methane SW absorption is
865 included and is based on Smith et al. (2018). The corresponding 1750-2019 (729.2
866 t0 1866.3 ppb, or 2.6x increase) methane ERF is 0.54+0.11 W m, which includes
867 a correction associated with methane SW absorption of -0.08 W m (Forster et al.,
868  2021). Our estimate for 2.5XCHa is within this uncertainty range at 0.43 W m
869  (0.44 W m2 if we include the surface temperature adjustment). Furthermore, we
870  estimate the CHasw correction (i.e., the CHasw ERF) at -0.10 W m2, which

871  compares very well to the IPCC estimate of -0.08 W m2. The most recent IPCC
872  global warming potentials (GWP) for methane (e.g., 82.5 + 25.8 for fossil-CHa
873 and a 20-year time horizon) also include methane SW absorption. Given the

874  caveats discussed above (e.g., underestimation of CHs SW IRF by 25-45%),

875 however, these estimates of the CHassw adjustment and the corresponding climate
876  effects may be underestimated.

877
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878  We also iterate that these are concentration (“abundance”) based ERF estimates.
879  The methane concentration used to derive such a concentration-based ERF is based
880  on the observed change, which is influenced not only by the change in methane
881  emissions, but also changes in emissions of other compounds that affect methane
882 lifetime and concentrations (Stevenson et al., 2020). For example, changes in non-
883 methane ozone precursors including nitrogen oxides and volatile organic

884  compounds in general reduce methane concentrations. This means that the

885 methane perturbation applied here is smaller than that which would arise if

886 methane is emissions-driven. In the latter case, the derived methane concentration
887  change would be higher than that observed, would take account of the impact of
888  methane on its own lifetime, and would be attributable to the change in methane
889  emissions alone. For example, Shindell et al. (2005) shows that the instantaneous
890 tropopause direct radiative forcing (1998 relative to preindustrial) of methane

891 alone increases from 0.48 to 0.59 W m, in switching from a concentration-based
892  to an emissions-based perspective. Accounting for the impacts of methane on

893  0zone production and stratospheric water vapor further increases methane’s

894  radiative forcing to ~0.9 W m2 (Shindell et al., 2005). A more recent estimate of
895  the emissions-based methane ERF (including indirect effects) is 1.194+0.38 W m=
896 (Szopaetal., 2021). This is due to indirect positive ERFs from methane enhancing
897 its own lifetime, enhancing stratospheric water vapor, causing ozone production,
898  and influencing aerosols and the lifetimes of hydrochlorofluorocarbons (HCFCs)
899  and hydrofluorocarbons (HFCs) (Myhre et al., 2013; O’Connor et al., 2022). We
900 reiterate that our simulations do not include these methane indirect effects.

901  Despite our main conclusion—that the present-day methane perturbation is

902  associated with CHasw muting of ~30% of the CHaLw surface warming—we

903 emphasize that methane remains a potent GHG. Continued efforts to reduce CHa
904  emissions are vital for staying below 1.5°C of global warming.

905

906 Code Availability

907

908 CESM2 can be downloaded from NCAR at

909  https://www.cesm.ucar.edu/models/cesm2/download. The Python-based radiative
910  kernel toolkit and the GFDL radiative kernel can be downloaded from

911  https://climate.rsmas.miami.edu/data/radiative-kernels/.

912

913 Data Availability

914
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915 A core set of model data from the 2.5x preindustrial methane CESM2 simulations
916 is available here: https://doi.org/10.5281/zenodo.10357888.
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1096 Tables
1097

EGUsphere\

1098 Table 1. Description of CESM2/CAM6 methane and carbon dioxide

1099 experiments. Both fixed climatological sea surface temperature and coupled
1100  ocean atmosphere simulations are performed for each experiment. 2.5x

1101 preindustrial atmospheric methane concentrations represent the present-day
1102  methane perturbation which corresponds to a ~750 to ~1900 ppb increase (i.e.,
1103  ~150%). Analogous experiments are conducted for 2xCO> and 4xCOx.

Experiment Description
2.5xCHEXP 2.5XCHa4 with CH4 LW+SW radiative
effects
2.5xCH o sw 2.5XCHa with CHa SW radiative effects
turned off
PICEXP Preindustrial CHz with CHs LW+SW
radiative effects
PICESE asw Preindustrial CH4 with CHs SW
radiative effects turned off
Signal Description
2.5xCHy wesw = 2.5xCHEXP — PICEXP Response to CHa LW+SW radiative

effects

Response to CH4 LW radiative effects

2.5xCH,gy = (2.5xCHEXP — PICEXP)

- (2-5xCHEI<I{55W - Plclgt)){gmsw)

Response to CH4 SW radiative effects

1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
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Figure 1. Climate response to methane perturbations. Global annual mean (a)
near-surface air temperature [units are K] and (b) precipitation [units are mm d!]
response for 2xCH4 (0.79 ppm), 2.5XCHa (1.19 ppm), 5xCH4 (3.16 ppm) and
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1127 10xCHjs (7.11 ppm) from coupled ocean atmosphere simulations. Responses are
1128  shown for methane longwave and shortwave radiative effects (CHaLw+sw; black),
1129  methane longwave radiative effects (CHaLw; red) and methane shortwave radiative
1130 effects (CHasw; blue). Dotted lines show the least-squares regressions based on the
1131 three simulations from A23, including 2xCHa, 5XCH4 and 10xCHg4. A significant
1132  response at the 90% confidence level, based on a standard t-test, is denoted by
1133  solid (as opposed to open) circles. The black vertical line denotes the 2.5xCH4
1134 1.19 ppm perturbation. Also included are the regression-estimated (denoted with
1135 an “E”) and explicitly simulated (denoted with a “S”) present-day CHas climate
1136  responses for (c) near-surface air temperature [K; pink] and (d) precipitation [%;
1137  purple]. The sum of the CHaLw and CHasw bars is the same as CHaw+sw. Error
1138  bars in (c, d) display the 1-standard deviation uncertainty. For the estimated

1139  responses, uncertainty is based on the regression slope, which is estimated from the
1140  2x, 5x and 10xCHjs like-colored data points from the simulations in panels (a) and
1141 (b). The regression-estimated response is the error-bar center. For the explicitly
1142  simulated responses, uncertainty is based on the pooled variance. Panel (e) shows
1143 the present-day CHssw muting of CHaLw [units are %] climate responses for both
1144  near-surface air temperature (pink bars) and precipitation (purple bars) based on
1145  the regression-estimate (denoted with an “E”) and simulation (denoted with an
1146 “S”).
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and Rapid Adjustments

10 ‘ ._.0 Surfoce Temp
— ERF < T:'opospheric Temp
TE IRF | € Strotospheric Temp
Water Vapor
ADJ | L Surfoce Albedo
50.5 | - Clouds
x S Total
i | gooﬁfwr—
2 | &
= °
T 00 || I <
° | B
o} a
14 ]
a ¢ 45 b
-0.5 r»?’, (-?’, (v,, (;%, (»&v’ ('?(, (.?, ('2 (?{ (&(,,(0 G, (’?(6 (‘,(0(& G (?,(?, (,{'(2(2 (,,(,z(&v (¢(¢ &
I e ,/l“'lll 5. %05, '/, AN '1, 5, ’;, Dy, '1, (AR 1, %%,
4. by . I,’ I,’ I,l "l I,I l,’ I/’v
2xCH, Radiative Flux Components
and Rapid Adjustments
105

—_—
=

=
=
|

Radiative Flux [W m™*]
&
Ropid Adjustment [W m™?
g
=
=
]
=

c d
03 ; 05~
. s C o G G o G
%G Y Y LY % 9% Y (?(,4(,% (,4(,’(,, %%% (,’(,,r,, 2%(2 %% (,’ ,’(,,
A B T e 'l’%,.,'l’ > LA l;’l %, “, %%, %%, ’l; 8 ’l 0,9, % 1, %5,
* & & 5, %, o, ), ), K/
1160 ) ) ) ) A 3 "

1161  Figure 2. Top-of-the-atmosphere radiative flux components and rapid

1162  adjustments for 2.5xCHsand 2xCHs. Global annual mean top-of-the-atmosphere
1163 (TOA) (a, c) effective radiative forcing (ERF; black), instantaneous radiative

1164  forcing (IRF; green) and rapid adjustment (ADJ; blue); and (b, d) decomposition of
1165  the rapid adjustment into its components including surface temperature (purple),
1166  tropospheric temperature (cyan), stratospheric temperature (yellow), water vapor
1167  (red), surface albedo (orange), cloud (pink) and total rapid adjustment (blue) for (a,
1168 b) 2.5xCH4 and (c, d) 2xCH4. Responses are decomposed into methane longwave
1169  and shortwave radiative effects (CHaLw+sw), methane longwave radiative effects
1170 (CHaLw) and methane shortwave radiative effects (CHasw). ERF and rapid

1171 adjustments are based on 30-year fixed climatological sea surface temperature

1172 simulations. Unfilled bars denote responses that are not significant at the 90%
1173 confidence level. Units are W m™2,
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Figure 3. Global mean annual mean vertical response profiles for four CHasw
perturbations. Instantaneous (a) shortwave heating rate (QRS; units are K d%);
and (b-f) fast responses of (b) QRS (units are K d1); (c) air temperature (T; units
are K); (d) relative humidity (RH; units are %); (e) cloud cover (CLOUD; units are
%) and (f) convective cloud cover (CONCLOUD; units are %) for 2xCHasw
(gray); 2.5xCHasw (black); 5xCHasw (red); and 10xCHasw (blue). The 2xCHea,
5xCH4 and 10xCH4 simulations are from A23. A significant response at the 90%
confidence level, based on a standard t-test, is denoted by solid dots in (b-f).
Climatologically fixed SST simulations are used to estimate the fast responses.
Instantaneous QRS profiles come from the Parallel Offline Radiative Transfer
Model (PORT).
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1186
1187  Figure 4. Total climate responses to CHasw. Annual mean global mean vertical

1188  response profiles of (a) shortwave heating rate (QRS; units are K d%); (b) air
1189  temperature (T; units are K); (c) cloud cover (CLOUD; units are %); (d) relative
1190  humidity (RH; units are %); and (e) convective cloud cover (CONCLOUD; units
1191 are %) for 2xCHasw (gray); 2.5XCHasw (black); 5XCHasw (red); and 10xCHasw
1192  (blue). The 2xCHasw, 5XCHasw and 10xCHasw simulations are from A23. Also
1193 included are global maps of the annual mean (f) near-surface air temperature [K]
1194  and (g) precipitation [mm d*] response for 2.5xCHasw. A significant response at
1195  the 90% confidence level, based on a standard t-test, is denoted by solid dots.
1196  Climate responses are estimated from coupled ocean-atmosphere CESM2

1197  simulations.
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2.5xCHysw TOA Radiative Fluxes/Rapid Adjustments
for the Total, Fast and Slow Response
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1200  Figure 5. 2.5xCHasw top-of-the-atmosphere radiative flux decomposition for
1201 the total response, ADJ and feedback. Global annual mean top-of-the-

1202  atmosphere (TOA) surface temperature (purple), tropospheric temperature (cyan),
1203  stratospheric temperature (yellow), water vapor (red), surface albedo (orange),
1204  cloud (pink) and total (blue) radiative flux decomposition for 2.5xCHasw. The total
1205  response (from the coupled ocean atmosphere simulations) is represented by the
1206  first bar in each like-colored set of three bars; the rapid adjustment (fast response
1207  from fixed climatological sea surface temperature simulations) is represented by
1208  the second bar; and the surface-temperature-induced feedback (slow response;
1209  estimated as the difference of the total response minus the fast response) is

1210  represented by the third bar. Unfilled bars denote responses that are not significant
1211  at the 90% confidence level. Units are W m™2.
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Atmospheric Energy Budget
for the Total, Fast and Slow Response
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1218
1219  Figure 6. Atmospheric energy budget decomposmon for the total, fast and

1220  slow response. Annual mean global mean energy budget decomposition for (a)
1221 10XCHuasw; (b) 2.5XxCHasw and (c) 4xCO2sw. Components include net shortwave
1222  radiative cooling from the atmospheric column (SWC); net longwave radiative
1223  cooling from the atmospheric column (LWC); net downwards sensible heat flux at
1224  the surface (SH); column integrated dry static energy flux divergence (H); and total
1225 latent heating (LcP). The sum of the first four terms is equal to the last term (LcP).
1226  The total response (from the coupled ocean atmosphere simulations) is represented
1227 by the first bar in each like-colored set of three bars; the rapid adjustment (fast
1228  response from fixed climatological sea surface temperature simulations) is

1229  represented by the second bar; and the surface-temperature-induced feedback (slow
1230  response; estimated as the difference of the total response minus the fast response)
1231 is represented by the third bar. Unfilled bars denote responses that are not

1232 significant at the 90% confidence level. Units are W m. Note the different y-axis
1233  in panel b.
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Figure 7. 2xCO. and 4xCO. top-of-the-atmosphere radiative flux components
and rapid adjustments. Global annual mean TOA (a, b) effective radiative
forcing (ERF; black), instantaneous radiative forcing (IRF; green) and rapid
adjustment (ADJ; blue); and (c, d) decomposition of the rapid adjustment into its
components including surface temperature (purple), tropospheric temperature
(cyan), stratospheric temperature (yellow), water vapor (red), surface albedo
(orange), cloud (pink) and total rapid adjustment (blue) for (a, c) 2xCO and (b, d)
4xCO,. Responses are decomposed into CO2 longwave and shortwave radiative
effects (CO2Lw+sw), CO2 longwave radiative effects (CO2.w) and CO- shortwave
radiative effects (CO2sw). ERF and rapid adjustments are based on 30-year fixed
climatological sea surface temperature simulations. Unfilled bars denote responses
that are not significant at the 90% confidence level. Units are W m™,
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1249  Figure 8. Global mean annual mean vertical response profiles for two CO2sw
1250  perturbations. Instantaneous (a) shortwave heating rate (QRS; units are K d%);
1251 and (b-f) fast responses of (b) QRS (units are K d?); (c) air temperature (T; units
1252  are K); (d) relative humidity (RH; units are %); (e) cloud cover (CLOUD; units are
1253 %) and (f) convective cloud cover (CONCLOUD; units are %) for 2xCOa2sw
1254 (gray); and 4xCOasw (black). A significant response at the 90% confidence level,
1255  based on a standard t-test, is denoted by solid dots in (b-f). Climatologically fixed
1256  SST simulations are used to estimate the fast responses. Instantaneous QRS
1257  profiles come from the Parallel Offline Radiative Transfer Model (PORT).
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1259  Figure 9. 4xCOasw responses. 4xCO2sw annual mean global mean vertical
1260  response profiles of (a) shortwave heating rate (QRS; units are K d?); (b) air
1261 temperature (T; units are K); and (c) cloud cover (CLOUD; units are %) for the
1262  total (black); fast (red) and slow (blue) response. Also included are 4xCOasw
1263  global maps of the annual mean (d) near-surface air temperature [K] and (e)
1264  precipitation [mm d-] change for the total climate response. A significant response
1265 at the 90% confidence level, based on a standard t-test, is denoted by solid dots.
1266  Panel (f) shows the 4xCOzsw muting of 4xCO.Lw [units are %] total climate
1267  response for both near-surface air temperature (pink bars) and precipitation (purple
1268 bars). Total climate responses are estimated using from coupled ocean-atmosphere

1269 CESMZ2 simulations.
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1271 Figure 10. 4xCOasw top-of-the-atmosphere radiative flux decomposition for
1272 the total response, ADJ and feedback. Global annual mean top-of-the-

1273 atmosphere (TOA) surface temperature (purple), tropospheric temperature (cyan),
1274  stratospheric temperature (yellow), water vapor (red), surface albedo (orange),
1275  cloud (pink) and total (blue) radiative flux decomposition for 4XCOasw. The total
1276  response (from the coupled ocean atmosphere simulations) is represented by the
1277  first bar in each like-colored set of three bars; the rapid adjustment (fast response
1278  from fixed climatological sea surface temperature simulations) is represented by
1279  the second bar; and the surface-temperature-induced feedback (slow response;
1280 estimated as the difference of the total response minus the fast response) is

1281  represented by the third bar. Unfilled bars denote responses that are not significant
1282  at the 90% confidence level. Units are W m™2.,
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