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Supplementary Note 1: CESM2 CH4 warming versus IPCC

As mentioned in the main text, we estimate 0.17 K of global warming in response to present-

day CH4LW+SW (relative to preindustrial) based on CESM2 simulations (Figure 1). This is

less than that from the newest IPCC AR6 report at 0.28 K, with a 5-95% range of 0.19 to 0.39

K (1). This underestimation is in part due to the fact the CH4LW+SW ERF in CESM2 (for a

0.75 to 1.8 ppm perturbation, i.e., 2.4xCH4) is also below the corresponding AR6 estimate

of 0.55 (0.44 to 0.66) W m−2. For CESM2 simulations, the 2xCH4LW+SW experiment has an

ERF of 0.35 W m−2 (Extended Data Figure 3g) and 5xCH4LW+SW has an ERF of 0.98 W m−2

(Extended Data Figure 3d). A square root dependence of ERF on methane concentrations

gives ∼0.4-0.45 W m−2. This plus the fact that the CESM2 coupled simulations likely aren’t

in true equilibrium after 90 years leads to temperature estimates that fall below the AR6

range.

We also note that our regression fit in Figure 1a,b includes the zero ∆CH4 and zero

change in near-surface air temperature (or zero change in precipitation) data point. How-

ever, we do not force the regression intercept to be zero. This is based on the fact the 2x,

5x and 10xCH4 points aren’t exactly on the regression line, so we assume the 1xCH4 doesn’t

need to be either. Nonetheless, constraining the regression intercept to be zero and repeating

the analysis yields less CH4LW+SW warming (0.13 versus 0.17 K), similar CH4LW warming

(0.20 K for both), and larger CH4SW cooling (−0.07 versus −0.04 K). For precipitation,

forcing the regression intercept to zero yields a smaller increase in CH4LW+SW precipitation

(0.13 versus 0.16%), a larger CH4LW precipitation increase (0.35 versus 0.31%) and a larger

CH4SW precipitation decrease (−0.22 versus −0.15%). Similarly, the apparent hydrological

sensitivity increases under CH4LW+SW and CH4LW (1.02 versus 0.97 % K−1 and 1.76 versus
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1.51 % K−1) and decreases under CH4SW (3.2 versus 4.3 % K−1).

Supplementary Note 2: Apparent hydrological sensitivity

CH4SW yields relatively large values (compared to CH4LW) for the apparent hydrological

sensitivity (AHS; defined as the change in precipitation divided by the change in surface

temperature) (2). Under 10xCH4, the AHS is 1.7% K−1 for CH4LW, versus 3.3% K−1 for

CH4SW. Because precipitation is reduced under CH4 SW absorption (particularly per unit

change in global temperature), the corresponding CH4LW+SW AHS is muted at 1% K−1.

Similar values are obtained for 5xCH4, with an AHS of 1.8% K−1 for CH4LW; 3.0% K−1 for

CH4SW; and 1.1% K−1 for CH4LW+SW.

Prior PDRMIP analyses (3; 4) found a larger multi-model AHS in response to 3xCH4 (for

most PDRMIP models this is relative to present-day CH4) of 1.7±0.4% K−1. However, of the

9 PDRMIP models analyzed, only 4 included an explicit treatment of CH4 SW absorption (5).

Our decomposition (i.e., CH4 SW radiative effects mute the total AHS) helps to explain the

larger apparent hydrological sensitivity to methane in PDRMIP models (see Supplementary

Note 6 for additional details).

Our results are also consistent with prior studies that show a strong link between SW

absorption (i.e., from absorbing aerosols like black carbon) and precipitation, including rel-

atively large (absolute) values for the apparent hydrological sensitivity (3; 4; 6). Under

LW-forcers (e.g., CO2), the fast and slow precipitation responses counteract one another.

Atmospheric absorption yields a decrease in precipitation; surface warming yields an in-

crease (which dominates the overall response). In contrast, methane SW absorption yields

a decrease in precipitation due to both atmospheric absorption and surface cooling.
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Supplementary Note 3: 5xCH4 and 2xCH4 ERF

5xCH4LW+SW yields an ERF of 0.98 W m−2, including 1.19 W m−2 for 5xCH4LW and −0.22

W m−2 for 5xCH4SW (Extended Data Figure 3). Thus, 5xCH4SW reduces the 5xCH4LW ERF

by 18%. For 2xCH4LW+SW, the ERF is 0.35 W m−2, including 0.45 W m−2 for 2xCH4LW

and −0.09 W m−2 for 2xCH4SW. Thus, 2xCH4SW reduces the 2xCH4LW ERF by 20%. All

values are significant at the 99% confidence level, except for the 2xCH4SW ERF, which is not

significant at the 90% confidence level.

Radiative flux components are also further decomposed into TOA LW and SW radiation

(Extended Data Figure 3). For each methane perturbation, the rapid adjustment due to

CH4SW is negative for both TOA LW and TOA SW radiation, with somewhat larger nega-

tive values for SW fluxes.

Supplementary Note 4: Surface and atmospheric radiation contributions to ERF

The bulk of the negative 10xCH4SW ERF (Fig. 2a) occurs at the surface, due to a reduction

in surface net radiative flux (RNET; Supplementary Figure 1a). This is due to a relatively

large negative surface IRF at −0.45 W m−2 (Supplementary Figure 1a), as the atmospheric

IRF is 0.72 W m−2 (Supplementary Figure 1d), consistent with a vertical redistribution of

SW flux from the surface to the atmosphere (as with other SW absorbers, like black carbon

(7; 8; 9; 10; 11)). The rapid adjustment at the surface, which is also negative at −0.30 W

m−2, reinforces the negative surface IRF. This vertical redistribution of SW radiation con-

tributes to the strong surface cooling under CH4 SW absorption (combined with the elevated

atmospheric heating).
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Supplementary Note 5: Surface and atmospheric rapid adjustments for 10xCH4

As mentioned in the main text, a negative net radiative flux at the surface (RNET) occurs

under 10xCH4SW (Supplementary Figure 1a), in part due to the vertical redistribution of SW

flux from the surface to the atmosphere. The decomposition of surface (and atmospheric)

rapid adjustments for 10xCH4SW (Supplementary Figure 2a-c) shows that this relatively

large (negative) surface net radiation flux is once again largely due to a negative cloud ad-

justment at the surface, particularly associated with SW radiation (Supplementary Figure

2c). For example, the total surface cloud adjustment under 10xCH4SW is −0.31 W m−2

(Supplementary Figure 2a), with a corresponding surface SW cloud adjustment of −0.51 W

m−2 (Supplementary Figure 2c).

Supplementary Note 6: Rapid Adjustments using the CloudSat/CALIPSO ker-

nel

Recent analyses (5; 12) have shown similar results across different kernels, including the

GFDL kernel used here, as well as the CESM (13), HadGEM3 (14) and CloudSat/CALIPSO

(15) radiative kernels. Nonetheless, we repeat our rapid adjustment calculations with the

CloudSat/CALIPSO (15) radiative kernel. Extended Data Figure 5 shows very similar TOA

rapid adjustments based on the CloudSat/CALIPSO radiative kernel, as compared to the

GFDL kernel. Based on 10xCH4LW+SW (Extended Data Figure 5a), the total rapid adjust-

ment is −0.40 and −0.36 W m−2 based on the GFDL and CloudSat/CALIPSO radiative

kernel, respectively. The corresponding total rapid adjustments for 10xCH4SW are −0.77

and −0.71 W m−2. And more importantly, the cloud rapid adjustments are also similar. For
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10xCH4SW, the cloud rapid adjustment is −0.58 and −0.57 W m−2 based on the GFDL and

CloudSat/CALIPSO radiative kernel, respectively. The two kernels also yield similar rapid

adjustments under 5x and 2xCH4 (Extended Data Figure 5b,c).

Supplementary Note 7: Cloud feedback under CH4SW

The 10xCH4SW cloud feedback is dominated by increases in low-level (and mid-level) clouds,

with weaker decreases in high-level clouds (Supplementary Figure 6d). For example, vertically-

integrated low clouds (surface to 700a hPa) significantly increase by 0.42% and 0.36% due

to slow and fast responses, respectively. The corresponding change in high clouds (400 hPa

to model top) is −0.09% (not significant at the 90% confidence level) and −0.57%. The

importance of low clouds (which primarily impact SW radiation) to the slow feedback re-

sponse is also suggested by the TOA SW versus LW cloud feedback−the TOA LW cloud

feedback is only 0.03 W m−2, whereas the TOA SW cloud feedback is −0.40 W m−2 (not

shown). Similar results exist for 5xCH4SW (Supplementary Figure 7d), but weaker results

exist for 2xCH4SW (Supplementary Figure 8d). For example, the low-, mid- and high-level

2xCH4SW cloud feedbacks are not significant. Thus, for larger CH4 perturbations (e.g., 10x

and 5xCH4SW), surface temperature induced cloud feedbacks act to reinforce the cooling due

to cloud rapid adjustments. We briefly note that most of the surface temperature-induced

increase in low cloud cover occurs over marine stratocumulus regions (e.g., off the west coasts

of North and South America; not shown), consistent with a low-level cloud positive (as tra-

ditionally defined, i.e., normalized by surface temperature) feedback (16; 17).

Supplementary Note 8: 3xCH4 PDRMIP results
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Expanding upon (5), we find that PDRMIP 3xCH4 simulations yield very similar results to

those presented here (based on our CESM2/CAM6 5x and 10xCH4 simulations). Note that

most (but not all) PDRMIP models use year ∼2000 as the base year (i.e., the PDRMIP

3xCH4 perturbation is similar to our 5xCH4 perturbation). We separate PDRMIP mod-

els into two subsets−4 models (CanESM2, MIROC-SPRINTARS, MPI-ESM and NCAR-

CESM1-CAM5) that include an explicit representation of CH4 SW radiative effects versus

6 models (GISS-E2-1-R, HadGEM2-ES, HadGEM3, IPSL-CM5A, NCAR-CESM1-CAM4,

NorESM1) that only include CH4 LW radiative effects (e.g., see Supplementary Table 1 of

(5)).

Methane SW radiative effects are inferred from the difference of these two model subsets

(i.e., CH4 SW+LW radiative effect models minus CH4 LW radiative effect models). As

noted in the main text, such a difference will include other model differences that could

complicate the interpretation. However, we find that this indirect assessment yields similar

conclusions as to those based on our targeted (and systematic) CESM2/CAM6 simulations.

For example, Extended Data Figure 8b shows that 3xCH4 PDRMIP models that include

CH4 SW radiative effects yield global warming (in the coupled simulations, which includes

IRF, adjustments and feedbacks) of 0.48±0.12 K; models that include CH4 LW radiative

effects only yield larger warming of 0.87±0.30 K. Thus, the inferred impact of CH4 SW

radiative effects is −0.39±0.32 K. This represents 45% less warming, which is similar to (but

somewhat larger than) what we obtain with CESM2 for 5x and 10xCH4SW at ∼30%.

For precipitation (Extended Data Figure 8c), PDRMIP models yield an inferred decrease

of precipitation of −1.24±0.9% due to CH4 SW radiative effects (in the coupled simulations,

i.e., including IRF, adjustments and feedbacks), which represents 65% less wetting (compared
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to PDRMIP models with CH4 LW radiative effects only). Our CESM2 simulations for 5x

and 10xCH4SW yield ∼60% less wetting.

The larger impact on precipitation (relative to temperature) also effects the apparent

hydrological sensitivity (AHS; Extended Data Figure 8d). PDRMIP models that include

CH4 LW radiative effects yield a larger AHS (2.08±0.49% K−1) relative to models that

include both SW and LW CH4 radiative effects (1.34±0.26% K−1). Thus, PDRMIP models

that include methane LW and SW radiative effects yield a 36% decrease in AHS, relative

to models that include methane LW radiative effects only. Our CESM2 simulations for

10xCH4SW and 5xCH4SW yield similar AHS decreases at 41% and 39%, respectively.

Calculating the inferred AHS due to CH4 SW radiative effects as the difference (SW+LW

CH4 models minus LW CH4 models) of the multi-model mean precipitation response divided

by the corresponding difference (SW+LW CH4 models minus LW CH4 models) of the multi-

model mean near-surface air temperature response yields an apparent hydrological sensitivity

of 3.17±0.55% K−1. This inferred estimate for AHS due to CH4 SW radiative effects is again

in good agreement with that directly calculated from CESM2 simulations at 3.3% K−1 for

10xCH4SW and 3.0% K−1 for 5xCH4SW.

The muted warming and wetting in PDRMIP models that include CH4 SW radiative

effects is consistent with their weaker effective radiative forcing (from fSST simulations) at

1.0±0.26 W m−2, relative to CH4 LW radiative effect models at 1.24±0.16 W m−2 (Extended

Data Figure 8a). This represents a 20% decrease in ERF, which is again consistent with our

targeted CAM6 fSST simulations, which yield a ∼20% decrease in ERF for 10xCH4SW and

2xCH4SW, and 18% for 5xCH4SW.
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Supplementary Note 9: Contribution of land surface warming/cooling to ERF

The climatological-SST method of deriving ERF includes the TOA flux changes resulting

from perturbed land surface temperatures as part of the ERF. This is because prescribing

land surface temperatures remains difficult to implement in climate models. As with most

other studies (5; 18), this has not been performed here.

One can, however, approximate the impact of perturbed land surface temperatures on

ERF via the “land-surface-corrected effective radiative forcing (ERFts)” (18). Here, the land

surface temperature change adjustment is subtracted from the default (climatological-SST)

ERF using the surface temperature radiative kernel. We note that this can be taken farther,

e.g., by estimating the “tropospherically corrected effective radiative forcing (ERFtrop)”,

which also removes the proportion of tropospheric temperature and water vapor change

associated with the land surface temperature change (the surface albedo change is also

removed) (18).

Figure 2b (for 10xCH4) shows the surface temperature adjustment (purple bars) is −0.08

W m−2 for CH4LW+SW; −0.09 W m−2 for CH4LW; and 0.01 W m−2 for CH4SW. Thus,

the surface temperature adjustment is relatively small (particularly for 10xCH4SW), being

4.7%, 4.2% and 2.3% of the ERF for 10xCH4LW+SW, 10xCH4LW and 10xCH4SW, respectively.

Similarly, the surface temperature adjustments are <5% of the ERF for 5xCH4 and 2xCH4

(e.g., Extended Data Figure 4 shows the corresponding surface temperature adjustments).
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Supplementary Figure 1 Surface and atmosphere radiative flux components in
response to 10xCH4. Global annual mean (a-c) surface and (d-f) atmosphere radiative
flux components for 10xCH4. Radiative components include the net radiative flux (RNET;
black), instantaneous radiative forcing (IRF; green) and rapid adjustment (ADJ; blue) for
(a, d) LW+SW, (b, e) LW and (c, f) SW radiative fluxes. The first bar in each like-colored
set of three bars represents the contribution from 10xCH4LW+SW; the second bar represents
10xCH4LW; and the third bar represents 10xCH4SW. Responses not significant, based on
a standard t-test at the 90% confidence level, have unfilled bars. These uncertainties are
therefore relative to interannual variability. Units are W m−2. Net radiative flux at the
surface is estimated as the net surface energy imbalance from the fixed SST experiments. At
the atmosphere, it is estimated as the difference between the TOA (i.e., ERF) and surface
RNET values. IRF is estimated using an offline radiative transfer model, PORT. The total
rapid adjustment is estimated as the sum of individual rapid adjustments from the radiative
kernel decomposition. The atmospheric rapid adjustment is estimated as the TOA minus
surface difference.
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Supplementary Figure 2 Surface and atmosphere rapid adjustment decomposi-
tion for 10xCH4. Global annual mean (a-c) surface and (d-f) atmosphere rapid adjustment
decomposition showing the surface temperature (purple), tropospheric temperature (cyan),
stratospheric temperature (yellow), water vapor (red), surface albedo (orange), cloud (pink)
and total (blue) rapid adjustment for 10xCH4 for (a, d) LW+SW, (b, e) LW and (c, f) SW
radiative fluxes. The first bar in each like-colored set of three bars represents the contribu-
tion from 10xCH4LW+SW; the second bar represents 10xCH4LW; and the third bar represents
10xCH4SW. Responses not significant, based on a standard t-test at the 90% confidence
level, have unfilled bars. These uncertainties are therefore relative to interannual variability.
Units are W m−2. The total rapid adjustment is estimated as the sum of individual rapid
adjustments from the radiative kernel decomposition. The atmospheric rapid adjustment is
estimated as the TOA minus surface difference.
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Supplementary Figure 3 Global annual mean vertical profiles of fast responses
for 5xCH4. Atmospheric (a) shortwave heating rate (QRS; [K day−1]), (b) temperature (T;
[K]), (c) relative humidity (RH; [%]) and (d) cloud fraction (CLOUD; [%]) for 5xCH4. Panels
include the contribution from 5xCH4LW+SW (solid black); 5xCH4LW (dotted), and 5xCH4SW

(dashed). Solid dots represent a significant response at the 90% confidence level, based on a
standard t-test. Fast responses are estimated from the fixed SST experiments. Also included
in (a) is the instantaneous shortwave heating rate profile (5xCH4SW-IRF; gray), as calculated
by the offline radiative transfer model, PORT.
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Supplementary Figure 4 Global annual mean vertical profiles of fast responses
for 2xCH4. Atmospheric (a) shortwave heating rate (QRS; [K day−1]), (b) temperature (T;
[K]), (c) relative humidity (RH; [%]) and (d) cloud fraction (CLOUD; [%]) for 2xCH4. Panels
include the contribution from 2xCH4LW+SW (solid black); 2xCH4LW (dotted), and 2xCH4SW

(dashed). Solid dots represent a significant response at the 90% confidence level, based on a
standard t-test. Fast responses are estimated from the fixed SST experiments. Also included
in (a) is the instantaneous shortwave heating rate profile (2xCH4SW-IRF; gray), as calculated
by the offline radiative transfer model, PORT.
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Supplementary Figure 5 Top-of-the-atmosphere radiative flux decomposition
for the total response, rapid adjustment and feedback under 5x and 2xCH4SW.
Global annual mean top-of-the-atmosphere (TOA) surface temperature (purple), tropo-
spheric temperature (cyan), stratospheric temperature (yellow), water vapor (red), surface
albedo (orange), cloud (pink) and total (blue) radiative flux decomposition for (a) 5xCH4SW

and (b) 2xCH4SW. The first bar in each like-colored set of three bars represents the total
response (from the coupled ocean simulations); the second bar represents the rapid adjust-
ment (i.e., fast response); and the third bar represents the surface-temperature induced
feedback (i.e., slow response). Responses not significant, based on a standard t-test at the
90% confidence level, have unfilled bars. These uncertainties are therefore relative to in-
terannual variability. Surface temperature induced (unnormalized) feedbacks are estimated
by subtracting the rapid adjustments (from fixed SST experiments) from the corresponding
radiative kernel decomposition applied to the coupled experiments. Units are W m−2.
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Supplementary Figure 6 Global annual mean vertical profiles of the total re-
sponse, rapid adjustment and feedback under 10xCH4SW. Atmospheric (a) short-
wave heating rate (QRS; [K day−1]), (b) temperature (T; [K]), (c) relative humidity (RH;
[%]) and (d) cloud fraction (CLOUD; [%]) for 10xCH4SW. Panels include the total response
(black), rapid adjustment (i.e., fast response; red) and surface-temperature-induced feedback
(i.e., slow response; blue). Solid dots represent a significant response at the 90% confidence
level, based on a standard t-test. The total response comes from the coupled ocean ex-
periment and the fast response comes from the fixed SST experiment. The slow response,
which isolates the surface temperature induced (unnormalized) feedback, is estimated by
subtracting the fast response from the total response.
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Supplementary Figure 7 Global annual mean vertical profiles of the total re-
sponse, rapid adjustment and feedback under 5xCH4SW. Atmospheric (a) short-
wave heating rate (QRS; [K day−1]), (b) temperature (T; [K]), (c) relative humidity (RH;
[%]) and (d) cloud fraction (CLOUD; [%]) for 5xCH4SW. Panels include the total response
(black), rapid adjustment (i.e., fast response; red) and surface-temperature-induced feedback
(i.e., slow response; blue). Solid dots represent a significant response at the 90% confidence
level, based on a standard t-test. The total response comes from the coupled ocean ex-
periment and the fast response comes from the fixed SST experiment. The slow response,
which isolates the surface temperature induced (unnormalized) feedback, is estimated by
subtracting the fast response from the total response.
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Supplementary Figure 8 Global annual mean vertical profiles of the total re-
sponse, rapid adjustment and feedback under 2xCH4SW. Atmospheric (a) short-
wave heating rate (QRS; [K day−1]), (b) temperature (T; [K]), (c) relative humidity (RH;
[%]) and (d) cloud fraction (CLOUD; [%]) for 2xCH4SW. Panels include the total response
(black), rapid adjustment (i.e., fast response; red) and surface-temperature-induced feedback
(i.e., slow response; blue). Solid dots represent a significant response at the 90% confidence
level, based on a standard t-test. The total response comes from the coupled ocean ex-
periment and the fast response comes from the fixed SST experiment. The slow response,
which isolates the surface temperature induced (unnormalized) feedback, is estimated by
subtracting the fast response from the total response.
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