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"A perspective on climate model hierarchies” (Jeevanjee et al. 2017, JAMES)
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Wm?
Global energy flow. Net solar shortwave radiative heating and net terrestrial longwave radiative cooling of Earth, respectively, are
estimated as 239.4 W m-2 and 238.5 W m-2. Net shortwave heating and net longwave cooling of the atmosphere, respectively, are
estimated as 78.2 W m-2 and 175.5 W m-2; the net radiative cooling of the atmosphere is 97.3 W m-2. Sensible and latent heat
fluxes from the ground surface to the atmosphere, respectively, are estimated as 17 W m-2 and 80 W m-2. The estimates are
derived in Mar 2000 to May 2004, the period covered by the Clouds and the Earth’s Radiant Energy System. After Trenberth et al.
(2009) Fig. 1.
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Schematic of the coupling among the radiation, water cycle, and atmospheric circulation. After Bony et al. (2015) Fig. 1b.
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Uncertainty of climate models originated from cloud-related process. The response of cloud radiative effects and precipitation to
uniform warming of 4 K under aquaplanet condition simulated by four different models from Phase 5 of the Coupled Model
Intercomparison Project (CMIP5). After Stevens and Bony (2013). 43
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Possible role of organized convection on the climate feedback. If the outgoing longwave radiation increases associated with the
response of the convective organization (or aggregation) to the warming, the process may act as negative feedback to the warming.

After Mauritsen and Stevens (2015) Fig. 1. 4
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Cloud cluster observed in the tropical atmosphere. On 8 April 2009, during an active Madden—Julian Oscillation event. After
Holloway et al. (2017) Fig. 1. 45
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Clouds (white surfaces), near-surface temperature K (colors)
15 (a) L=198km: disorganized convection
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15 (b) L=510km: convection self-aggregates
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An example of the convective self-aggregation. In the numerical experiments of RCE under uniform sea surface temperature and
uniform solar insolation, moist convection usually exhibits near random distribution (top; scattered state), but under certain
condition it spontaneously organizes into the cloud cluster with coherent structure (bottom; aggregated state). After Muller and
Held (2012) Fig. 1.
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Observational evidence for the relationship among the convective aggregation, radiation, and moisture. (a) The relationship
between number of convective clusters and outgoing longwave radiation for the satellite-derived samples covering a 10 ° by 10 °
area with certain precipitation amount. (b) As (a), but for free-tropospheric humidity of 3 ° by 3 ° samples. (c) As (b), but for the
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Holloway et al. (2017) Fig. 2. 47
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(b) Radiative cold pool

(@) RCE under enhanced rad. cooling in low-level dry-region
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Schematic of the role of radiatively driven cold pools. (a) Vertical profile of imposed radiative cooling in the moist and dry regions
(left). The cooling is strengthened below 2 km height in the dry region. Horizontal distribution of precipitable water in RCE
experiments with different domain sizes (right-upper 4 panels; the domain size increases right to left). A high-resolution experiment
is also shown (right-lower panel). After Muller and Bony (2015) Fig. 1. (b) Schematic of the radiatively driven cold pool. The cold pool
horizontally transports moisture from the dry subsidence region to the moist convective region (red dashed arrows). After Coppin
and Bony (2015) Fig. 13a.
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Schematic of the role of evaporatively driven cold pools. (a) Horizontal distribution of near-surface moisture content in RCE
experiments with different domain sizes. The domain size increases in calendar order. After Jeevanjee and Romps (2013) Fig. 1. (b)
Same as (a), but the evaporation process in the microphysics scheme is turned off below 1 km height. After Jeevanjee and Romps
(2013) Fig. 2. (c) Schematic of the development of evaporatively driven cold pool. Cloud dynamics and accompanied perturbation of
moisture and temperature near the surface. The cold pool as a density current horizontally transports moisture outward from the
center of the system (blue dashed arrows). After Tompkins (2001a) Fig. 14.
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Schematic of the horizontal scale of meteorological phenomena and mesoscale range. LPBL, LTrop, and LEarth, respectively, denote
the depth of the planetary boundary layer, the depth of the troposphere, and the circumference of Earth. After Schalkwijk et al.

(2015) Fig. 1. 51
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Vertical grid arrangement. The top panel shows three types of arrangement. The 64 layers arrangement is basically used. The 32 and
128 layers arrangements are used for the sensitivity test. The bottom panel focuses on the lower 2 km. 53
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Vertical profile of thermodynamic variables on initial and final days of control experiment. (a) Potential temperature. (b) Specific
humidity. The solid and dashed lines indicate final and initial states, respectively. Each value is a horizontal mean.
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Horizontal distribution of precipitable water in experiments with different horizontal grid spacings and domain sizes. On Day 20 and
on the last day of each experiment. (a) H1000L960, (b) H2000L960,(c) H1000L384, (d) H2000L384, (e) H1000L96, and (f) H2000L96.
Dashed squares are drawn for size comparison. After Yanase et al. (2020, Fig. 1), licensed under CC BY 4.0. 5
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(a) Time evolution of dry patch fraction as a metric of CSA onset. The dry patch is defined as region where precipitable water is less
than 30 kg m-2. Solid lines are aggregated cases, where dry patch fraction increases with time. Dashed lines are scattered cases,
where dry patch fraction remains near-zero. (b) RCE regime diagram in resolution—domain size parameter space. Red circles are
aggregated cases. Black crosses are scattered cases. The regime boundary line is drawn by hand, and it is separated into the lines |, II,
and Ill, for convenience (see the main text). The regime boundary line based on Muller and Held (2012, Fig. 6a) is also drawn as a
reference. After Yanase et al. (2020, Fig. 2), licensed under CC BY 4.0. 58
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Schematic of horizontal distribution of convective elements and subsidence region
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Schematic of scattered and aggregated regimes. The velocity scale of radiatively driven circulation us is a function of horizontal scale
of subsidence r, along with the planetaly boundary layer depth zpbl and the subsidence velocity at the top of the layer wsub. The
velocity scale of evaporatively driven circulation uc competes us at the end of lifecycle of convective cloud, and the competition
determines where the convective cloud in the next generation occurs. The scattered regimes is preferred when uc overwhelms us (a),
and the aggregated regimes is preferred when us overwhelms uc (b). After Yanase et al. (2020, Fig. 4), licensed under CC BY 4.0. 64
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Horizontal distribution of precipitable water in different number of vertical layer experiments. (a) H1000L960 experiment with 32
vertical layers and (b) H1000L960 experiment with 128 vertical layers. 66



3.11: MYNN{ERZEEIZH TS R[F/K=
OFEREXAX—LFERAT 5 ECSARLEIEIEHLHHV?
« BREXLX—LMYNN)FEAT B &, HA000L384 TCSARLE LA EEH, & U LEE TIEHA.

(a) H4000L384, mynn, Day50 (b) H4000L768, mynn, Day50
384 = 768 T M T 50
336 672 I
40
288 - 576 -
240 - . 480
€192 £ 384
= >
144 - 288
96 - 192
48 - 96
0 T T T T T T T O T * 1
0O 48 96 144 192 240 288 336 384 0 96 192 288 384 480576 672 768
x(km) X(km)

Horizontal distribution of precipitable water in sensitivity experiments using MYNN boundary layer turbulence scheme. (a)
H4000L384 and (b) H4000L768. 67
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Radiative heating and cloud cover in PW rank—height space in different SGS turbulence scheme experiments. As in Fig. 3.9, but for
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indicate the radiatively driven divergent flow near the surface. 68
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Schematic of the quasi-three-dimensional stream function and moisture distance. The horizontal domain is divided into dry and
moist regions by isolines of precipitable water (lines Ci and Ci+1). The surface Di denotes the region enclosed by line Ci. The quasi-
three-dimensional stream function Wi,z denotes the vertical mass flux integrated over surface Di at height z. The area-to-perimeter
ratio Si/oi, which we call moisture distance, is a length scale relevant to the geometrical shape of the region Si. 69
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The normalized quasi-three-dimensional stream function averaged in the PBL as a kinematic metric of RCE regime. As in Fig. 3.2b,

but the colors of markers are the metric averaged on final 10-day.

73



I . == = # v, — N N =
R X5 H F " K - v
b o YA BN )‘ = lx I S [ 110N
4 (a) HLO00L96 Day41-50 (e) HLO00L960 Day01-10
~3
€
3
22
o
[}
T1 _ ’
-1.5 -1.
. P —— R — _—
4 (b) H1000L192 Day41-50 (f) HL000L960 Day11-20
~N— =
~3
€
53
)
h=
z :
1 : s 5
-1. 25 — 3.5 -
ohﬁ —_— 23 — -‘—m @
4 (c) H1000L384 Day41-50 (g) HLO00L960 Day21-30
\/
~3
€
<
22
o
z "
1 o - =1
. _— 15 o E I;
" (d) HLO00L560 Day31-40 (h) HLO00L960 Day31-40
~3
€
3
2
R
[}
T o
[ — -1 DocEs
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
PW percentile
-0.02 -0.01 0.00 0.01 0.02
ms~2

Buoyancy, evaporative cooling, and radiative cooling in moisture-height space. The green (purple) contours show a microphysical
(radiative) heating rate (only values not greater than -1.5 kJ kg-1 day-1 with the interval 1.0 kJ kg-1 day-1). Shown cases and
times are same as Fig. 4.4. 14



4.7 ZREBRD I~)lx7

MH10B XIEF N HECF BRI TILE L

e % WS h mmm n s R mEm N EEm R EEm N s R M A R M A EEm R M A R Em R Em E oy

L S (a) H1000L96 Day41-50 (e) H1000L960 Day01-10

o mEHER oy T —
) /1Al F T N, % [ |
/ o \ T 0 @% f@';
| oy 8pB OF, OF; - h ~——_
. =~ = . 7 2] — total —— 0F,/3y
| ot 8y (9y 0z : = | B0y — —6F5,/139’Z \
: e IFHEICIZEFH=DRIEDERBIZIE . 2 (b) HL000L192 Day41-50 () HLOOOL960 Day11-20
; . VPWERFERED § AREHET —

~ N —_— : NN T T e~ ————

| © FZERD2RITEE ERE | —_———_
.+ Q3D-SFOEMZEIL & BHE o X~
| - — :
: — . C | —a
| ~ : _ i
i _ Opw  Opb | 2 (c) HL000L384 Day41-50 (g) HL000L960 Day21 30J
i il = 8@ 0z : O sovss e — 3’(\
I / . i
! B = —gﬁ ! -2 = T
: P ! L
i [ _(’9ﬁwi} B opww o s : 2 (d) H1000L560 Day31-40 1E 5% 474 fi () H1000L960 Day31-40
i ST - |,

\ .

. F;, = ——m — + Fsasg. / _

\’\ Y 8y 92 Y L 2 \ _ )

N e e e e e e e e e e - - —4 ﬁ;%jj /‘LT.’E
0 20 40 60 80 1000 20 40 60 80 100
PW percentile PW percentile

Torque terms for the vorticity in moisture-height space. The tendency terms in Eq. (4.8) of the main text: the total (black), buoyancy
gradient (blue), w-acceleration gradient (green), and ¥ -acceleration gradient (red). Each term is the average over planetary
boundary layer depth. Shown cases and times are same as Fig. 4.4. 75



X4.8: §71EE I (T S EREEREDWTG

=/N\ bz
=
nZ

(a)

16

14 -

(b)
Actual velocity Total WTG velocity
— 196 — 196
— 1192 — 1192
L384 141 L384
L560 L560
—— 1960 12 / —— 1960
'E\ 10 \/
& \
2 8
(®)]
‘o
T 6
4 4
2 4
: . ; 0 . : .
-5 0 5 -5 0 5

pw (1072 kg m=2 s71) P(Weony + Wrag) (1073 kg m™2 s71)

()

6 Radiative WTG velocity

L96

L192
L384
L560
L960

-5 0 5
PWrag (1073 kg m=2 571)

(d)

16Convective WTG velocity

L96

L192
L384
L560
L960

-5 0 5
PWeony (1073 kg m=2 s71)

WTG assessment of vertical velocity in the dry region. (a) Actual vertical velocity. (b) WTG vertical velocity diagnosed by the total of
radiative heating and convective heating (see Eqg. 4.16 of the main text). (c) WTG vertical velocity diagnosed by the radiative heating.
(d) WTG vertical velocity diagnosed by the convective heating. Convective heating refers to the total of microphysical heating and

vertical eddy-flux convergence of dry static energy. Each profile is the average over the drier half region on the initial 10-day.
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® Samples for the horizontal geometries of the boundary between dry and moist regions
(1) single dry circle (2) single dry/moist band (3) single moist circle
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Schematic of the perimeter and the area-to-perimeter ratio as functions of the area If the dry region has the circular geometry ((1)
single dry circle), S = tr2 and o = 2mtr, where S is the area of dry region, r the radius of the dry circle region, and o the length of the
boundary of dry and moist region (equivalently the perimeter of dry circle region in this situation). Hence o/L = 2 (mS/L2)"1/2,
where L is the domain size. If the dry region has the band geometry ((2) single dry band), o = 2L. If the moist region has the circular
geometry ((3)single moist circle), o/L = 2 (Tt(1 = S/L2))~1/2. Assuming that the o is minimized, the dry region has to be circular for
S/L2 < 1/m, the dry region has to be band for 1/t < S/L2 < 1 - 1/m, and the moist region has to be circular for 1 — 1/m < S/L2. 82
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® Situation 1: S,/0; scales with the domain size L
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Schematic of the area-to-perimeter ratio and the change in domain size. The situation 1 indicates the S/o scales with the domain
size L, which means the moisture distance proportionally increases with the domain size. On the other hand, the situation 2 indicates
the S/o does not scale with the domain size L, which means the moisture distance is invariant. 83
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Nearest convective core distance. A convective core is defined as a horizontally connected area where vertical velocity is larger than
1 ms-1 at about 2.5 km height; the position of a convective core refers to its centroid. (a)—(e) Snapshots of the distance divided by
the domain size, at an instantaneous time in Day 5. (f)—(j) Histogram of the distance; probability density and cumulative density are
shown in blue-left axes and black-right axes, respectively, on Day 5. (k) Largest subsidence area size, defined as the 99th percentile
value of nearest convective core distance, based on (f)—(j). (I) Schematic of convective cores distribution, subsidence region, and
nearest convective core distances. 84
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(a) Horizontal velocity spectra
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Horizontal power spectral density of wind at 2.5 km height. (a) Horizontal component and (b) vertical component.
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Schematic of the onset mechanism of convective self-aggregation. The development of the anticlockwise circulation near the surface
is driven by the buoyancy gradient due to the enhanced radiative cooling in the drier region. The intrusion of the free-tropospheric
subsidence into the planetary boundary layer in the dry region precedes the development of the near-surface circulation and
happens at the critical domain size where the downward motion in the free-troposphere overwhelms the upward motion in the
planetary boundary layer. The strengthening of the free-tropospheric subsidence is due to the weakening of the convective heating,

the weakening is due to the dry region getting drier, and the dryness of the dry region is due to the larger scale horizontal variability
in the moisture field, which is constrained by the domain size. 36
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