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S1 Visual inspetion of spatial organization

Figure S1 illustrates in a partiular time instant that regions of subsidene and as-

endane, as identi�ed by the vertial veloity ω (in pressure oordinates) at model

level 41 (ω41, see Setion 4.1 for why it is used), are �nely intertwined in the on-

trol run (n = 1), while they form two separate aggregated blobs for 16-fold CO2

onentration (n = 4).

Figure S1: Snapshots of the vertial veloity ω (in pressure oordinates) at model

level 41 (ω41) at t = 2727 (f. Fig. 6) in two runs with di�erent CO2 onentration

as indiated in the panels by n of Equation (1) of the main text.

S2 Spatial variation of the loud-layer stability and

why the dry-subsiding region is studied

Fig. S2 illustrates, in di�erent phases of a ooling event, the spatial variation of the

loud-layer stability ∆θCLS, most relevant for the formation of the stratiform louds,

in terms of the asendane or subsidene strength ω41 de�ned at model level 41. It

beomes lear that two regions of very di�erent harater exist in any phase.

One of the regions an be identi�ed in the plots as a group of points aligned along

a nearly horizontal line that starts in the asending region (ω41 < 0) and extends

well into the region of subsidene (ω41 > 0), and remains mostly invariant during

the ooling event. This region is the one that hosts deep onvetion, but an be

treated as a single blok from the point of view of stratiform loud formation (in

partiular, no stratiform louds an form here).

The other region appears as a blob in the region of subsidene (ω41 > 0), o� the

line desribed previously. It is approximately aptured by an empirial dryness on-

dition, q < 2
3
maxspatial(q) at level 41, beyond masking for ω41 > 0, as the highlighting

by gray bakground in Fig. S2 shows � this is what we all the `dry-subsiding' re-

gion.

As long as shallow onvetion is penetrative in the dry-subsiding region (Fig. S2a),

this region is more unstable in terms of the loud-layer stability∆θCLS than the main
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Figure S2: The loud-layer stability ∆θCLS = θ(level41) − θ(level44) (as de�ned

in Setion 4) as a funtion of the vertial veloity ω41 (in pressure oordinates, see

Setions 3.1 and 4) for di�erent geographial positions at the indiated time instants

(orresponding to those of Figs. 6 and 7 with two additional ones). Eah point in

the plots orresponds to a grid point on the sphere. Bakground shading in gray

marks grid points that ful�ll ω41 > 0 and q < 2
3
maxspatial(q) at model level 41 (see

text and Setion 4). Coloring represents the loud liquid water ontent X averaged

for levels 42 to 47.
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onvetion-hosting region. The dry-subsiding region hosts even less louds at low

atmospheri levels, see the oloring in Fig. S2a. However, after penetrative shallow

onvetion shuts down (whih starts in Fig. S2b, with a momentary stop in Fig. S2,

but then extends to Figs. S2e-S2g), ∆θCLS extends to very high values. As the olor-

ing X42...47 in Figs. S2b-S2g suggests, the higher ∆θCLS is, the more low-level louds

are found there. After shallow onvetion beomes penetrative again in the dry-

subsiding region (Fig. S2h), the on�guration of the investigated quantities returns

to its initial state (i.e., Fig. S2a).

Sine the dry-subsiding region has well-de�ned distinguishing harateristis dur-

ing the whole yle of the ooling event, and low-level (stratiform) louds, aording

to the oloring in Figs. S2b-S2g, �ll almost the entire region but not more, it seems

to be reasonable to onentrate on the dry-subsiding region in our analyses.

S3 Spatial variation of ∆q41,44 in the dry-subsiding

region

Figure S3 illustrates how the spatial variation of the di�erene ∆q41,44 in the spei�

humidity (introdued in Setion 4 to haraterize how strong shallow onvetion is

in the dry-subsiding region) is related to that of the lower tropospheri stability

∆θLTS, in di�erent phases of a ooling event. We onentrate on the dry-subsiding

region, but, for ompleteness, we plot in peah all other grid points of the sphere,

too.

Before the ooling event begins (Fig. S3a),∆θLTS is smaller than 20K, and∆q41,44
is dominantly greater than −0.005 in the dry-subsiding region. The formation of the

stratiform loud �eld (see the oloring) omes along in a separate branh of points

with inreased values of∆θLTS, aompanied by a dereasing tendeny in∆q41,44, see

Fig. S3b. Although the �rst loud �eld is not permanent, see the oloring in Fig. S3,

the proess ontinues from Fig. S3d. As the ooling event develops more, shown in

Fig. S3e, muh higher values of ∆θLTS and muh lower values of ∆q41,44 are reahed.

There is a lear antiorrelation between the two variables outside the loud �eld.

However, where louds are most abundant and the lower troposphere is most stable,

∆q41,44 is again higher. This remains so during the later evolution of the ooling event

as well (Figs. S3f-S3g). When the stratiform loud �eld desiates (Fig. S3h, see

the oloring), the lowest values of ∆q41,44 disappear; in partiular, ∆q41,44 beomes

rather uniformly distributed in the range of its initial values (those in Fig. S3a).

∆θLTS, however, needs more time to relax (see the disussion in Setion 4).

What we learn from Fig. S3 is that the lower tropospheri stability ∆θLTS and

the proxy ∆q41,44 for the strength of the shallow onvetion are strongly related even

loally at the beginning of the ooling event, and that the desiation of the loud

�eld happens when the values of ∆q41,44 return to their initial range, i.e., the range

before the beginning of the ooling event. All of this is so in spite of the fat that

∆q41,44 behaves nontrivially within the loud �eld during the bulk of the ooling

event.
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Figure S3: The di�erene∆q41,44 in the spei� humidity (see Setion 4) as a funtion

of the lower tropospheri stability∆θLTS (as de�ned in the same setion) for di�erent

geographial positions at the indiated time instants (orresponding to those of

Figs. 6 and 7 with two additional ones). Eah point in the plots orresponds to a

grid point on the sphere. The points with a olor from the olor sale are in the

dry-subsiding region (see Setions 4 and S2), and oloring represents the loud liquid

water ontent X averaged for levels 42 to 47. The points in peah are loated in the

rest of the globe.
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S4 Formation of a new asending region

Figure S4: Same as Fig. 6, but for other time instants.

Figure S4 is the ontinuation of the series of snapshots that starts in Fig. 6.

Aording to Fig. S4, during the warming phase, near t = 2755, a new asending

region forms in the middle of the subsiding region, where the stratiform loud �eld

used to be during the earlier ooling event presented in Fig. 6. The emergene of the

new asending region is soon aompanied by the appearane of a new stratiform

loud �eld in the remaining part of the dry-subsiding region, whih has the shape of a

ring, see t = 2757 in Fig. S4. Around t = 2579, the new asending region is expelled

from the ring-shaped subsidene region, and �nally merges with the already existing

one (t = 2763). This is how the original, bipolar spatial struture is reovered, whih

was broken by the appearane of the new asending region.

Although the last major event before that of Fig. S4 is the one presented in

Fig. 6, a similar event, but with muh smaller sales, also ours in between.
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S5 Phase spae analysis: extension to ∆q41,44

In this setion, we extend the phase spae analysis presented in Setion 4.2 of the

main text to illustrate the importane of the strength of the shallow onvetion in

the dry-subsiding region via the moisture-based proxy ∆q41,44.
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Figure S5: Phase spae projetions for quantities in the dry-subsiding region: (a)

the spatial mean of ∆q41,44 and that of ∆θCLS, with oloring orresponding to the

disrete time derivative, alulated from the onseutive time steps, of the latter

spatial mean, and (b) the spatial mean of the lower tropospheri stability ∆θLTS, of

∆q41,44, and of ∆θCLS. Additional features are as in Fig. 10 of the main text. n = 4.

Figure S5a suggests that ∆θCLS is strongly related to the strength of the pene-

trative shallow onvetion, expressed in terms of ∆q41,44. In partiular, as ∆q41,44
dereases, ∆θCLS inreases (setion B). During the apped phase (setion C), the ten-

denies beome opposite: ∆q41,44 inreases, and ∆θCLS deereases, but only slightly.

A substantial weakening of stability at the loud layer is identi�ed by setion D

(as highlighted by the oloring), when ∆θCLS substantially redues. The main re-

establishment of ventilating shallow onvetion is in this phase.

The path through the phase spae de�ned by ∆θLTS instead of∆θCLS shows many

similarities, see Fig. S5b. A major di�erene is an inrease of ∆θLTS in setion A.

As also indiated in the main text, we hypothesize that this proess is what leads to

the attenuation of shallow onvetion to �nally prevent it from penetrating the layer

where stratiform louds form subsequently. Note that ∆θCLS is not inreasing at all

in setion A (see Fig. S5a), so that we annot explain the shutdown of penetration in

terms of∆θCLS. While the shutdown point in∆θLTS is not unique, in Fig. S5b we an

learly identify two bunhes of trajetories entering to setion B, near ∆θLTS = 18K
and 22K. Trajetories of the former bunh, like the one highlighted in blak, enter

then earlier into setion C, i.e., the yle is smaller.

The other major di�erene between ∆θLTS and ∆θCLS is a lag of the former in

setions of the yle other than A, ompare Figs. S5b and S5a. The most infor-

mative manifestation of this lag is a substantial redution in ∆θLTS in setion E, in

assoiation with the rise of surfae temperatures subsequent to the desiation of the

stratiform loud layer. ∆θCLS remaining onstant in setion E but dereasing earlier

(in setion D) on�rms that the strati�ation in the lower layers, in spite of ∆θLTS
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not yet having relaxed, is already set during setion E by the shallow onvetion

whih now penetrates through the layer where the stratiform louds used to be, to

ventilate the lower troposphere.

S6 Some properties of the yle in the lower mid-

troposphere

In Setion 4.2, gravity waves originating from the deep onvetion taking plae

in the region of asendane are supposed to set the temperature of the lower mid-

troposphere in the dry-subsiding region during most of the ventilated phase. Gravity

waves at to level the isopynals and thereby to homogenize the virtual potential

temperature (e.g. Bretherton and Smolarkiewiz, 1989; Sobel and Bretherton, 2000).

To test whether the idea an hold, we investigate here the di�erene of the spatially

averaged virtual potential temperature at 700hPa between the two regions. In

partiular, we plot this di�erene on the vertial axis in a phase spae representation

that is otherwise the same as in Fig. 10a.

-2

 0

 2

 4

 6

 8

 295  300  305  310

X42…47 [kg/kg]

A1

B

C

E

A2

θ
u
p v
,7

0
0

h
P

a 
- 

θ
d
ry

-s
u
b

v
,7

0
0

h
P

a 
[K

]

Tsfc [K]

0

2×10
-5

4×10
-5

6×10
-5

Figure S6: Phase spae projetion: the spatial mean of the surfae temperature Tsfc

in the dry-subsiding region, the di�erene of the spatially averaged virtual potential

temperature at 700hPa between the asending and dry-subsiding regions, and the

spatial mean of the loud liquid water ontent X42...47 in the dry-subsiding region.

Additional features are marked as in Fig. 10. Furthermore, an empty triangle is

displayed between the two subsetions of setion A, orresponding to t = 2809.

Aording to Fig. S6, this di�erene is pratially onstant (with onsiderable

�utuations) during the bulk of the ventilated phase, labeled as setion A1. This

on�rms that the temperatures of the lower mid-troposphere of the two regions are

very losely related, so that the assumption of Setion 4.2 may hold indeed. Note,

however, that the di�erene is not zero, whih suggests that some other fators may

also be involved in determining the 700 hPa virtual potential temperature in the

dry-subsiding region: in partiular, some additional ooling e�ets may be present.

In the subphase labeled as A2, f. Fig. 10b, some rearrangement takes plae.

Sine there is no ooling yet in the region of asendane (see Fig. 8), this must be

a warming of the lower mid-troposphere in the dry-subsiding region. As disussed

in Setion 4.2, shallow onvetion in the dry-subsiding region is already beginning
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to lose its penetrative power in this subphase: in partiular, it does not reah as

high to the atmosphere as before. As a onsequene, ooling from evaporation and

the strong moisture gradient beomes absent at 700 hPa, and this is what results in

warming. In view of this proess, it seems plausible that the lower mid-troposphere

was kept older by the mentioned ooling fators in the previous subsetion, A1.

In setion B, surfae ooling in the dry-subsiding region also begins besides fur-

ther warming in the lower mid-troposphere; the latter is due to shallow onvetion

still getting weaker, f. Fig. S5. By setion C, the surfae ooling gets ommu-

niated to the asending region, whih results in ooling of the free troposphere

globally (with the mediation of deep onvetion). Shallow onvetion in the dry-

subsiding region is gaining strength from this point on (see again Fig. S5), and, as

a result of the assoiated ooling e�ets, the di�erene in the virtual potential tem-

perature in Fig. S6 also starts inreasing. After a momentary stop in setion D (not

labeled in Fig. S6), this di�erene is �nally raised to its initial value in setion E:

by the time when setion A begins next, the shallow onvetion and the assoiated

ooling e�ets reah their full power.
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