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Text S1. Experimental design

In MIROC5 and MIROC6, SST warming influences the atmosphere through changes in two
factors. One is the upward longwave radiation emitted from the sea surface, and the other is
the turbulent transport of heat, moisture, momentum, and aerosol from the sea surface.
Without any changes in the two factors, the SST warming cannot influence the model
atmosphere.

In the AMIP-p4K experiment, the SST warming changes both the two factors to influence the
atmosphere. In the AMIP-p4Krad or the AMIP-p4Kturb experiment, the SST warming changes
either one of the two factors to influence the atmosphere. Here we describe how the AMIP-

p4Krad and AMIP-p4Kturb experiments are implemented.

1. AMIP-p4Krad experiment

In MIROC5 and MIROC6, upward longwave radiation that is emitted from the surface of the
land or ocean is calculated from the surface temperature, T .44, using Planck's function. This
upward longwave radiation causes heating at multiple atmospheric layers above the surface.

In the AMIP experiment, we prescribe SST as a boundary condition, which is used as the input
variable T ;.44 to calculate the upward longwave radiation emitted from the sea surface. In the
AMIP-p4Krad experiment, we add 4K to the T, ,,4 at the sea surface. The experimental setting
of the AMIP-p4Krad is the same as the AMIP, other than adding 4K to the T ,.44.

The 4K warming of Ty .4 causes an increase in upward longwave radiation emitted from the
sea surface, which leads to an increase in radiative heating at multiple atmospheric layers above
the surface (Figure 31i). As a result, the atmospheric temperature increases, which is prominent

in the lower troposphere (red curve in Figure 3h).

2. AMIP-p4Kturb experiment
Turbulent transport of sensible heat, latent heat, and momentum from the surface to the
atmosphere is calculated using the bulk aerodynamic formulas in the MIROC5 and MIROCS6.

The formulas are defined as follows.

SH=p - Cp Cou(Tstur) * V] {Ts_turp — T - (Py/ P)Rair/ %} (1)
LE = p- Ly Cog(Tstur) - V] - {Qsat (Ts_turn) — Qa} (2)
Fy=—=p Cou(Ts curn) * [V] - Ua (3)

Fy == Com(Ts turv) * [V] - Va (4)

Ts turp 1 surface temperature, SH is sensible heat flux, LE is latent heat flux, F, and F, are

momentum fluxes, p is air density, C, is specific heat of air at constant pressure, L, is latent



heat of condensation, Cpy(Ts turp ), Cpe(Ts turp), and Cpy(Ts ¢urp) are aerodynamic transfer
coefficients that are dependent on T 4yp, |l7| is surface wind speed, T, is temperature at the
lowest atmospheric layer, P, is surface pressure, P, is pressure at the lowest atmospheric layer,
Ryir is the gas constant of air, Qq¢ (T ¢ ) is saturation specific humidity that is dependent on
Ts turp» Qq 1s specific humidity at the lowest atmospheric layer, U, is westerly wind speed at the
lowest atmospheric layer, V, is southerly wind speed at the lowest atmospheric layer.

The turbulent fluxes, SH, LE, F,, and F,, are dependent on T ;,,,;,. Likewise, the turbulent
transport of aerosol from the surface to the atmosphere is also dependent on Ty ;5. In the
AMIP experiment, SST is used as an input variable T 4, to calculate the turbulent transport
of sensible heat, latent heat, momentum, and aerosol from the sea surface. In the AMIP-
p4Kturb experiment, we add 4K to T 4, at the sea surface. The experimental setting of the
AMIP-p4Kturb is the same as the AMIP, other than adding 4K to T 4,,,. The 4K warming of
Ts turp causes an increase in SH and LE. As a result, both atmospheric temperature and specific

humidity increase (blue curves in Figure 3gh).



Text S2. Response of latent heat flux to increasing longwave radiation from the sea surface

In AMIP-p4Krad experiment, upward longwave radiation from the sea surface increases
relative to the AMIP experiment, which leads to a reduction in the surface latent heat flux, as
shown in Figure S9(a). The decrease in the surface latent heat flux contributes to the decrease
in specific humidity (Figure 3g, red). To better understand the mechanism of the decrease in
surface latent heat flux, we decompose the response of the surface latent heat flux into
contribution from multiple factors, as follows.

In MIROC5 and MIROCS, the latent heat flux is calculated according to the equation (2) in
Text S1. Time-averaging the equation (2), and focusing on the difference between AMIP-
p4Krad and AMIP experiments, we obtain

ALE = L, - Ap - [V| - Cpg(Ts turp) - DELQ (5)
where DELQ = Qgqr(Ts turp) — Qu» () is time-averaging, and A denotes AMIP-p4Krad minus

AMIP experiment. We further rewrite the equation as
ALE=1,- A{ﬁ . m-m . m} + residual (6).

The magnitude of the residual in (6) depends on the period of time-averaging. Over the low
latitude oceans it is mostly of the order of 10 W/m? for monthly, 0.5 W/m? for daily, and 0.1
W/m? for 6 hourly averages. In the following, we use daily averaged data so that the residual in
(6) becomes much smaller than ALE, that is greater than 4 W/m? in magnitude (Figure S9(a)).
Neglecting the residual, we assume that the equation (6) can be approximated as

ALE ~ L, A5+ [V] - Cog(Ts_curs) - DELQ) (7).
Using the 1*t Taylor polynomial, the right hand side of (7) can be written as,

AEsz'{ﬁ'm.m}AMIP.Aﬁ

+L,-{p- Cor(Topr) DELQ},  -A[V]
+L,-{p 17l DELQ} - ACps(Ts,,,)
+Ly{p- V| Cos(Tscur»)} - ADELQ + residual  (8)
- AMIP

The changes in latent heat flux, ALE, are now decomposed into contribution from the changes
in surface air density (the 1° term on the right hand side of (8)), surface wind speed (the 2
term), bulk coefficient (the 3" term), vertical contrast of specific humidity (the 4™ term), and
the residual. Each term in the equation (8) is calculated using the daily output from MIROCS,
and the results are plotted in Figure S9. The figure shows that the decrease in latent heat flux,
ALE, is mostly explained by the contribution from the changes in bulk coefficient (Figure S9ad).
This result is consistent with the understanding that the longwave-induced warming of the
atmosphere increases the static stability at the air-sea interface, which suppresses the turbulent

transport of water vapor from the sea surface.
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Figure S1. As in Figure 2, but the simulation data are created using MIROCS. Pattern
correlation between (a) and (d) is 0.78.
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Figure S2. As in Figure 3, but the simulation data are created using MIROCS5.
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Figure S3. As in Figure 4, but the simulation data are created using MIROC5.
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Figure S4. Relation between low cloud feedback and changes in (a)(d) low cloud
amount, (b)(e) low cloud optical thickness, and (c)(f) low cloud top pressure, induced by
SST+4K. The results are averages over the low cloud regions indicated by the black
rectangles in Figure 2. The simulation data are created using (a)(b)(c) MIROC6 and
(d)(e)(f) MIROCS. Regression equation and correlation coefficient are also shown in each

panel.
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Figure S5. Radiative component of changes in (a)(e) cloud amount, (b)(f) relative
humidity, (c)(g) temperature, and (d)(h) specific humidity, at the vertical o -p level of

0.90. The simulation data are created using (a)(b)(c)(d) MIROC6 and (e)(f)(g)(h) MIROCS.
Black rectangles indicate low cloud regions focused on in Figures 3 and 4.
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Figure S6. Specific humidity tendencies in (a) AMIP and AMIP-p4K, (b) AMIP and AMIP-p4Krad, and (c) AMIP and AMIP-p4Kturb
experiments. Responses to SST +4K warming are also shown for (d) total response, (e) radiative component, and (f) turbulent
component. The results are averages over the low cloud regions indicated by the black rectangles in Figure 2. The simulation data

are created using MIROC6. Diamonds indicate values at the lowest level.
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Figure S7. Temperature tendencies in (a) AMIP and AMIP-p4K, (b) AMIP and AMIP-p4Krad, and (c) AMIP and AMIP-p4Kturb
experiments. Responses to SST +4K warming are also shown for (d) total response, (e) radiative component, and (f) turbulent
component. The results are averages over the low cloud regions indicated by the black rectangles in Figure 2. The simulation data are

created using MIROC6. Diamonds indicate values at the lowest level.
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Figure S8. (a)(b)(c) Upward and downward longwave radiation, and (d)(e)(f) their vertical convergence in the AMIP and AMIP-p4Krad
experiments. (g)(h)(i) Changes in the vertical convergence due to the SST warming in the AMIP-p4Krad experiment. Results are shown
for (a)(d)(g) all sky, (b)(e)(h) clear sky, and (c)(f)(i) cloud component (all sky minus clear sky), averaged over the low cloud regions
indicated by the black rectangles in Figure 2. The simulation data are created using MIROC6. Diamonds indicate values at the lowest
level.
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Figure S9. Changes in latent heat flux at the sea surface induced by SST warming of 4K.
Results are shown for the radiative component, namely, AMIP-p4Krad minus AMIP. (a)
changes in latent heat flux, (b) contribution to (a) from changes in surface air density, (c)
contribution to (a) from changes in surface wind speed, (d) contribution to (a) from
changes in bulk coefficient, (e) contribution to (a) from changes in vertical contrast of
specific humidity, and (f) residual. Global averages are indicated at the top right of each
panel. The simulation data are created using MIROC6. Definition of the quantities shown
in panels (b)-(f) is given in Text S2.



Table S1. Examples of low cloud feedback mechanisms and how they relate to the present study

Mechanism

Is the mechanism consistent with the results of the present study?

Namely, can the mechanism explain the low cloud changes in
AMIP-p4Krad or AMIP-p4Kturb compared to AMIP?

Positive feedback due to low cloud decrease (Rieck et al. 2012)

In the trade wind cumulus regions, if large-scale atmospheric processes
act to keep relative humidity constant, atmospheric warming induces an
increase in surface moisture fluxes. This drives a deeper boundary layer
and hence mixes more dry and warm air from the free troposphere to the

surface. As a result, shallow cumulus layers tend to have fewer clouds.

Yes and No.

Consistent with the low cloud decrease in AMIP-p4Kturb( o -
p~0.85).

Not consistent with the low cloud decrease in AMIP-p4Krad,
because there is no increase in surface evaporation (Fig.S9a).
Not consistent with the low cloud increase in AMIP-p4Kturb (o -
p=0.9).

Positive feedback due to low cloud decrease (Webb and Lock 2013)

Global mean surface evaporation increases with global temperature rise.
However, in the subtropical stratocumulus/trade cumulus transition
regions, the increase in evaporation may be less than the global mean
because the Walker circulation weakens, which reduces both the near-
surface wind speed and the air-sea temperature difference, while the near-
surface relative humidity increases. As a result, the supply of water vapor
from surface evaporation does not increase enough to maintain the low

level cloud fraction in the warmer climate.

Yes and No.

Consistent with the low cloud decrease in AMIP-p4Kturb( o -
p=~0.85).

Consistent with the low cloud decrease in AMIP-p4Krad, because
reduction of the near-surface wind speed contributes to the
decrease in surface evaporation (Figs.S9a,c).

Not consistent with the low cloud increase in AMIP-p4Kturb (o -
p=0.9).

Positive feedback due to low cloud decrease (Bretherton et al. 2013, Tan
et al. 2017, Schneider et al. 2019)

Yes and No.

Consistent with the low cloud decrease in AMIP-p4Kturb( o -




Over marine boundary-layer stratocumulus cloud, the warmer free
troposphere contains more water vapor, hence is more emissive. This
increases the downwelling radiation from the free troposphere and
reduces the net radiative cooling of the cloud-topped boundary layer,
reducing the turbulence production. As a result, the entrainment rate
decreases at the cloud top, leading to a lowering of the inversion and a

thinning of the cloud layer.

p=~0.85).

Not consistent with the low cloud decrease in AMIP-p4Krad,
because there is little increase in water vapor specific humidity in
the free troposphere (red curve in Fig.3g).

Not consistent with the low cloud increase in AMIP-p4Kturb (o -
p=0.9).

Positive feedback due to low cloud decrease (Brient and Bony 2013)

In a warmer climate, the non-linearity of the Clausius-Clapeyron
relationship leads to a larger increase in specific humidity at high
temperatures and low altitudes than at lower temperatures and higher
altitudes. This leads to an enhanced vertical gradient of specific humidity
and moist static energy (MSE) between the boundary layer and the lower
free troposphere, and thus an enhanced import of low-MSE and dry air
from the free troposphere down to the surface by large-scale subsidence.

This decreases the low-level cloud fraction.

Yes and No.

Consistent with the low cloud decrease in AMIP-p4Kturb( o -
p~0.85).

Not consistent with the low cloud decrease in AMIP-p4Krad,
because there is no increase in vertical gradient of specific
humidity (red curve in Fig.3g).

Not consistent with the low cloud increase in AMIP-p4Kturb (o -
p=0.9).

Positive feedback due to low cloud decrease (Zhang et al. 2013, Brient et
al. 2016, Vial et al. 2016).

Higher SST causes a warmer climate, with a larger moisture contrast
between the free troposphere and the boundary layer. The larger moisture
contrast enhances the upward moisture flux by shallow convection or

cloud-top entrainment at the level immediately above the top of the

Yes and No.

Consistent with the low cloud decrease in AMIP-p4Kturb( o -
p~0.85).

Not consistent with the low cloud decrease in AMIP-p4Krad,
because there is no increase in vertical moisture contrast (red

curve in Fig.3g).




boundary layer. This causes larger ventilation of the cloud layer, which
tends to decrease low cloud. The decrease in low cloud is accompanied by
a reduction of radiative cooling by the low cloud. As a result, lower
troposphere becomes stabilized. This weakens the latent heat flux from

the sea surface, reducing the low cloud further.

Not consistent with the low cloud increase in AMIP-p4Kturb (o -
p = 09)

Positive feedback due to low cloud decrease (Vogel et al. 2019)

In the downstream trade cumulus regions, sea surface warming leads to an
increase in the surface fluxes, which deepens the shallow convection and
increases precipitation. The increase in precipitation leads to a reduction
of the detrained stratiform layers. In addition, the deeper clouds penetrate
the inversion and detrain the moisture in the free troposphere, which

further reduces the stratiform cloudiness.

No.

Not consistent with AMIP-p4Krad or AMIP-p4Kturb, because
low clouds do not deepen in either of the experiments compared

to AMIP.

Negative feedback due to low cloud increase (Miller 1997, Klein and
Hartmann 1993, Wood and Bretherton 2006, Qu et al. 2015, Tan et al.
2016)

In low latitudes, the free-tropospheric temperature profile stabilizes with
global warming. This increases the strength of the inversion capping the
planetary boundary layer. As a result, vertical mixing across the inversion
reduces, keeping the boundary layer shallower and more humid, which

increases the stratiform low cloud cover.

Yes and No.

Consistent with the low cloud decrease in AMIP-p4Krad, because
the strength of the inversion decreases with warming (red curve in
Fig3h).

Consistent with the low cloud increase in AMIP-p4Kturb (o -p=
0.9), because the strength of the inversion increases with warming
(blue curve in Fig3h).

Not consistent with the low cloud decrease in AMIP-p4Kturb( o -
pr.SS).

Negative feedback due to low cloud increase (Wyant et al. 2009,

Yes and No.




Narenpitak and Bretherton 2019).

Higher SST causes a warmer and moister trade-cumulus boundary layer
which experiences stronger net radiative cooling. The stronger cooling
destabilizes the cumulus layer, leading to more vigorous convection. This
fosters a moister boundary layer with more cumulus clouds, which

amplifies the anomalous radiative cooling.

Consistent with the low cloud increase in AMIP-p4Kturb (0 -p=
0.9).

Not consistent with the low cloud decrease in both AMIP-p4Krad
and AMIP-p4Kturb ( 0 -p=~0.85).

Negative feedback due to low cloud increase (Myers and Norris 2013)

In the tropics, the atmospheric overturning circulation weakens as the
climate warms. This leads to less subsidence over the subtropical marine
boundary layer clouds, which allows a deeper inversion with more vertical

development of the clouds, thickening the cloud layer.

No.

Not consistent with AMIP-p4Krad or AMIP-p4Kturb, because
low clouds do not deepen in either of the experiments compared
to AMIP.

Negative feedback due to low cloud increase (Zhang et al. 2013).

Higher SST causes a warmer climate. Accompanied by the weaker large-
scale subsidence, the warmer climate has greater surface latent heat flux,

larger turbulence moisture convergence in the cloud layer, and

consequently an increase in low cloud.

Yes and No.

Consistent with the low cloud increase in AMIP-p4Kturb (0 -p=
0.9).

Not consistent with the low cloud decrease in both AMIP-p4Krad
and AMIP-p4Kturb (o -p=0.85).
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