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Atmospheric convection exhibits distinct spatio-temporal variability at dif-
ferent latitudes. A good understanding of the effects of rotation on the multi-
scale organization of convection from mesoscale to synoptic scale to plane-
tary scale is still lacking. Here cloud-resolving simulations with fixed sur-
face fluxes and radiative cooling are implemented with constant rotation in
a two-dimensional (2-D) planetary domain to simulate multi-scale organiza-
tion of convection from the tropics to mid-latitudes. All scenarios are divided
into three rotation regimes (weak, order-one, and strong) to represent ide-
alized ITCZ region (0° ~ 6° N), Indian monsoon region (6° ~ 20° N), and
mid-latitude region (20° ~ 45° N), respectively. In each rotation regime, a
multi-scale asymptotic model is derived systematically and used as a diag-
nostic framework for energy budget analysis. The results show that planetary-
scale organization of convection only arises in the weak rotation regime, while
synoptic-scale organization dominates (vanishes) in the order-one (strong) ro-
tation regime. The depletion of planetary-scale organization of convection
as the magnitude of rotation increases is attributed to the reduced planetary
kinetic energy of zonal winds, mainly due to the decreasing acceleration ef-
fect by eddy zonal momentum transfer from mesoscale convective systems
(MCSs) and increasing deceleration effect by the Coriolis force. Similarly, the
maintenance of synoptic-scale organization is related to the acceleration effect
by MCSs. Such decreasing acceleration effects by MCSs on both planetary
and synoptic scales are further attributed to less favorable conditions for con-
vection provided by background sounding of low-level equivalent potential
temperature and vertical shear of zonal winds, resulting from the increasing

magnitude of rotation.
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1. Introduction

Atmospheric convection plays a crucial role in the horizontal and vertical transport of mo-
mentum, heat, and moisture of large-scale circulation on the earth (Schneider 2006). After
decades of observational studies based on satellite and in situ measurements, it is apparent now
that the spatio-temporal variability of convection has distinct characteristics at different latitudes
(Riemann-Campe et al. 2009). Specifically, tropical convection is organized in a hierarchy of
spatio-temporal scales, ranging from a cumulus cloud of several kilometers and a few minutes to
MCSs (Houze 2004) of several hundred kilometers and a few hours to convective coupled equa-
torial waves (CCEWs) (Kiladis et al. 2009) of thousand kilometers and 1-2 weeks to the Madden-
Julian oscillations (MJOs) (Zhang 2005) of ten thousand kilometers and 1-3 months. In contrast,
convection in the subtropics is dominated by synoptic-scale convective disturbances such as low
pressure systems in the Indian monsoon trough region (Hurley and Boos 2015). Theoretically, the
magnitude of rotation can dramatically influence the behavior of geophysical flows (Majda 2000).
In the mid-latitudes, the strong rotation leads to a strict temporal frequency scale separation be-
tween potential vorticity dynamics and fast gravity waves. In contrast, the weak rotation in the
tropics does not induce a time scale separation any more but allows multi-scale organization of
convection in the presence of warm surface temperature and abundant moisture (Majda 2012).

Contemporary global climate models (GCMs) struggle to accurately simulate the multi-scale
organization of tropical convection. In fact, present-day GCMs still have difficulty in simulating
key features of propagating MJOs (Jiang et al. 2015), although predictions of the MJO have im-
proved over the past decade (Kim et al. 2018). Furthermore, it is observed that the MJO is a slowly
eastward-moving planetary-scale envelope that contains a few superclusters of cloudiness with nu-

merous embedded cloud clusters (Nakazawa 1988; Chen et al. 1996). Even good GCMs fail to
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satisfyingly simulate these multi-scale features (Guo et al. 2015). It is hypothesized here that the
poorly simulated MJOs in the GCMs is due to an inadequate treatment of multi-scale interactions
of convection, especially the upscale impact of organized tropical convection such as MCSs that
are poorly resolved in the coarse-resolution GCM simulations.

To address this issue, it is necessary to obtain a better understanding of spatio-temporal scale
selection and multi-scale interactions of convection. With the development of computational re-
source, cloud-resolving models (CRMs) have become a practically useful tool for simulating or-
ganized convection in a fine horizontal resolution of a few kilometers (Khairoutdinov and Randall
2003; Miura et al. 2007; Tao and Moncrieff 2009; Guichard and Couvreux 2017). In particular,
the 2-D CRM simulations provide a cheap way to study the multi-scale organization of convec-
tion in a planetary domain. For example, the idealized 2-D CRM simulation by Grabowski and
Moncrieff (2001) showed that convection in background easterly winds is organized in a two-scale
structure with a synoptic-scale envelope moving eastward and numerous embedded MCSs moving
westward. Slawinska et al. (2014) showed that the Walker circulation over a warm pool exhibits
intraseasonal variability with outward (inward) moving synoptic-scale systems during its expan-
sion (contraction) phases. Due to expensive computational cost, many three-dimensional (3-D)
CRM simulations only focused on radiative convective equilibrium in small domains (Held et al.
1993; Bretherton et al. 2005). In the absence of rotation, those disordered and scattered small-scale
clouds arising from initial disturbances in a moist unstable environment coalesce into large-scale
patches of convection, which is known as self-aggregation (Bretherton et al. 2005; Muller and
Held 2012; Wing and Emanuel 2014). Bretherton et al. (2005) recognized the self-aggregation
as an instability driven by convection-water vapor-radiation-surface fluxes feedbacks. However,

those theories for explaining large-scale organization of convection mostly focus on thermody-
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namic effects, while dynamic effects due to multi-scale interactions are overlooked. Moreover, the
absence of rotation makes the model setup less realistic.

In fact, several studies have been conducted to investigate the effects of rotation on scale selec-
tion and multi-scale organization of convection. Majda et al. (2015) used the multicloud model
(Khouider and Majda 2006c¢,a,b, 2007) with either a deterministic (Khouider and Majda 2008b,a)
or stochastic (Khouider et al. 2010; Deng et al. 2015; Goswami et al. 2017) convective heating
closure to simulate organized convection in a rotating 2-D flow. They concluded that the planetary
rotation is one of important players in the diminishing of organized convection and convectively
coupled gravity wave activity, and deep convection activity in the stochastic model simulations
becomes patchy and unorganized in the subtropics and mid-latitudes. The 2-D nonhydrostatic
anelastic model simulation by Liu and Moncrieff (2004) indicated that rotation-induced localized
descent stabilizes and dries the neighborhood of convective region, explaining the fact that the
tropics is a preferred region for convective clustering. In general, planetary rotation has significant
impact on background sounding of thermodynamic fields and vertical shear, the latter of which
plays a crucial role in promoting organized convection (Newton and Rodebush Newton 1959;
Moncrieff 1981; Moncrieff and Liu 1999; Tompkins 2001).

The goals of this paper include the following four aspects, 1) using a global 2-D CRM to sim-
ulate multi-scale organization of convection in three regimes with weak, order-one, and strong
rotation, respectively; 2) deriving a multi-scale asymptotic model for upscale and downscale im-
pacts in each rotation regime and using it as a diagnostic framework for energy budget analysis; 3)
explaining why planetary-scale organization diminishes in the weak rotation regime as the magni-
tude of rotation increases and investigating the role of eddy transfer of momentum, temperature,

and equivalent potential temperature from meso- and synoptic-scale fluctuations; 4) explaining
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why synoptic-scale organization persists in the order-one rotation regime but diminishes in the
strong rotation regime.

Here we use the System for Atmospheric Modeling (SAM) (Khairoutdinov and Randall 2003) to
investigate the effects of rotation on the multi-scale organization of convection. Thanks to its easy
configuration and fast execution, the SAM model has been used widely to simulate large-scale or-
ganization of convection in idealized domain geometry (Bretherton et al. 2005; Wing and Emanuel
2014; Bretherton and Khairoutdinov 2015; Wing and Cronin 2016). In particular, Brenowitz et al.
(2018) configured the model in a global 2-D periodic domain to simulate organized convection
without the rotation. With both radiative cooling and surface fluxes fixed, the simulation in back-
ground easterly winds still produces an eastward-moving planetary-scale envelope of convection
with multiple superclusters of cloudiness and numerous embedded clusters. To identify phys-
ical mechanisms behind the multi-scale organization, Brenowitz et al. (2018) decomposed the
model outputs into meso-, synoptic-, and planetary-scale components and concluded the key role
of multi-scale interactions in promoting large-scale organization of convection based on energy
budget analysis. Here we configure the SAM model in a similar way as Brenowitz et al. (2018)
but with the Coriolis force. The magnitude of rotation is varied to represent three different regimes,
including the ITCZ regime with weak rotation, the Indian monsoon trough regime with order-one
rotation, and the mid-latitude regime with strong rotation.

In each regime, we derive a multi-scale model by following the multi-scale asymptotic methods
(Majda and Klein 2003; Majda 2007) and use it as a diagnostic framework for energy budget anal-
ysis. In particular, the multi-scale models in the weak and order-one rotation regimes are derived
under the standard physical scaling in the tropics (Majda 2007). Consequently, the governing
equations across synoptic- and meso-scales are similar to the mesoscale equatorial synoptic dy-

namics (MESD) model (Majda 2007), and those across planetary- and synoptic-scales resemble
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the intraseasonal multi-scale moist dynamics (IMMD) model (Biello and Majda 2010; Back and
Biello 2018). Notably, the MESD model has been used to study the upscale impact of MCSs
on convectively coupled Kelvin waves (CCKWs) (Yang and Majda 2017, 2018) and 2-day waves
(Yang and Majda 2019). In contrast, the multi-scale model in the strong rotation regime follows
the classic quasi-geostrophic (QG) scaling (Vallis 2017).

We run 10 SAM model simulations under the similar configuration as Brenowitz et al. (2018) but
with increasing magnitude of rotation. Several key results about the effects of rotation are obtained.
First of all, planetary-scale organization of convection only arises in the weak rotation regime,
while synoptic-scale organization persists in the order-order rotation regime but diminishes as the
magnitude of rotation further increases. As summarized by the schematic diagram in Fig. 9,
the diminishment of planetary-scale organization is attributed to two changing effects in terms of
planetary kinetic energy budget of zonal winds, including decreasing acceleration effect by eddy
zonal momentum transfer from mesoscale fluctuations and increasing deceleration effect by the
Coriolis force. As for the acceleration effect from upscale impact of MCSs, its decreasing strength
is attributed to less favorable conditions for convection provided by background sounding of both
low-level equivalent potential temperature and vertical shear of zonal winds, resulting from the
increasing magnitude of rotation. Similarly, the maintenance of synoptic-scale organization in
the order-one rotation regime and its diminishment in strong rotation regime is also related to the
decreasing acceleration effect from upscale impact of MCSs, as summarized by the schematic
diagram in Fig.15.

The rest of the paper is organized as follows. Section 2 describes the model configuration and
experiment design. Section 3 shows the spatio-temporal variability of brightness temperature and
the zonal-mean climatology of winds and thermodynamic fields with different magnitude of ro-

tation. A multi-scale decomposition method is introduced to decompose total fields into domain-



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

mean and planetary-, synoptic-, meso-scale fluctuations. Section 4 investigates the planetary-scale
kinetic energy budget of zonal and meridional winds and available potential energy in the weak
rotation regime, and highlights the key role of eddy transfer of momentum, temperature, and equiv-
alent potential temperature. Section 5 does a similar energy budget analysis for synoptic-scale flow
fields in the order-one rotation regime, while Section 6 considers the strong rotation regime. The

paper concludes with a discussion in Section 7.

2. Model Configuration and Experiment Design

The SAM model version 6.11.1 is used here under the similar configuration as the QSTRAT
simulation in Brenowitz et al. (2018) but with the Coriolis force. All simulations use the single-
moment microphysics and the CAM3 radiation packages, Smolarkiewicz’s MPDATA advection
scheme with monotonic corrector, and the 1.5-order closure (prognostic SGS turbulent kinetic
energy) subgrid-scale scheme. In order to exclude effects of surface fluxes, we perform all sim-
ulations over a uniform 300.15 K sea surface temperature (SST) ocean surface with latent and
sensible heat fluxes fixed at 210.6 Wm =2 and 31.20 Wm ™2, respectively. To avoid effects of ac-
tive radiation, we prescribe a fixed radiative cooling of 1.5 Kday~! below 150 hPa and a constant

stratospheric heating of 4.5 Kday™!

above. The stratospheric heating increases stratification of
the atmosphere near the tropopause, turning the troposphere into a rigid-lid scenario. Similar to
Grabowski and Moncrieff (2001), the zonal winds are nudging towards -10 ms~! easterly back-
ground winds with nudging time scale 1 day. A sponge layer is added at the domain top to damp
gravity waves. The 2-D planetary domain has 2!5 = 32768 km zonal extent in a 2 km horizontal

resolution and 27 km vertical extent with 64 vertical levels. All simulations are run for 100 days,

and the last 80-day solutions are used for diagnostic analysis.
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Here we repeat the non-rotating simulation in Brenowitz et al. (2018) as the control experiment
and run another 9 simulations with increasing magnitude of rotation from the tropics to the mid-
latitude in the Northern Hemisphere (NH). The counterparts in the Southern Hemisphere can be
induced based on the mirror symmetry about the equator. It is worth mentioning that the standard
synoptic time scale is about 8 hrs (Majda 2007), equivalent to the reciprocal of Coriolis frequency
f atthe latitude 14 deg N. As shown by Table 1, we divide all rotating scenarios into three regimes,
including i) the ITCZ regime with weak rotation (0 ~ 6° N), ii) the Indian monsoon trough regime
with order-one rotation (6° ~ 20° N), and iii) the mid-latitude regime with strong rotation (> 20°
N). We choose these three rotation regimes, not only because of the observation that convection
exhibits distinct characteristics in the tropics, subtropics, and mid-latitudes, but also the different
properties of governing equations as shown in Table 2-4. Besides, the second regime is referred to
as the order-one rotation regime, because the corresponding Coriolis frequency is comparable to

its standard value at the latitude 14 deg N.

3. Effects of Rotation on the Multi-scale Organization of Convection

In this section, we first study the spatio-temporal variability of brightness temperature and 850-
hPa zonal winds, which represent thermodynamic and dynamic aspects of convection, respectively.
Notably, Fig.1 and Fig.2 show that planetary-scale organization of convection only arises in the
weak rotation regime, while synoptic-scale organization persists in the order-one rotation regime
but diminishes in the strong rotation regime. The effects of rotation on zonal-mean climatology of

flow fields are also investigated.

10
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a. Spatio-temporal variability of brightness temperature and 850-hPa zonal winds

Fig. 1a shows the Hovmoller diagram of brightness temperature in the non-rotating case, which
is the same as Brenowitz et al. (2018). In the first 5 days, numerous westward-moving MCSs
are organized into a few eastward-moving synoptic-scale envelopes. After that, a planetary-scale
envelope of convection at wavenumber 2 gradually forms and propagates eastward at a speed of 7
m/s. This planetary-scale envelope contains several eastward-moving synoptic-scale disturbances
in the leading edge and westward-moving disturbances in the trailing edge with numerous embed-
ded westward-moving MCSs. Fig. 1b-h are for the remaining 7 cases (last 2 cases in the strong
rotation regime are not shown). In the weak rotation regime, the planetary-scale organization of
convection arises at the latitude 1° N in panel (b) but diminishes in panels (c) and (d). In con-
trast, panels (e-g) show that synoptic-scale envelopes with embedded westward-moving MCSs
dominate in the order-one rotation regime, resembling the two-scale organization of convection
in Grabowski and Moncrieff (2001). As the magnitude of rotation increases, the length scale of
synoptic-scale envelopes becomes smaller, while their propagation speed is faster. At the latitude
27° N in panel (h) in the strong rotation regime, scattered MCSs prevail over the whole domain,
which is akin to the mid-latitude case in Liu and Moncrieff (2004).

Fig. 2a shows the wavenumber-frequency spectra of brightness temperature in the non-rotating
case. The spectra of brightness temperature is dominated by a peak at wavenumber 2 and period
of 26.7 days, which further extends to larger wavenumber and shorter period along a straight line
across the origin. In contrast, the spectra of westward-moving modes is much weaker. Fig. 2b
shows the spectra of 850-hPa zonal velocity, which is similar to panel (a) but with the significant
spectra of westward-moving modes at wavenumber 1-5. Fig. 2c-r are for the remaining 8 cases

(last case in the strong rotation regime is not shown). Panels (c¢) and (d) at the latitude 1° N

11
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resemble panels (a) and (b). As the magnitude of rotation increases in the weak rotation regime, the
spectra accounting for eastward-moving envelopes gradually shifts to smaller spatial and temporal
scales in panels (e-j). It is worth mentioning that the period of eastward-moving envelopes are
longer than the corresponding time scale of the Coriolis force. Panels (k-r) show the spectra in the
order-one and strong rotation regimes. Overall, the maximum strength of spectra decays gradually
as the magnitude of rotation increases, indicating the diminishing spatio-temporal variability of
convection. Besides, the spectra band of westward-moving modes shifts along with the peak of

eastward-moving envelopes, reflecting the modulation effect by the latter.

b. Zonal-mean climatology of winds, moisture, and (equivalent) potential temperature

Fig. 3 shows the zonal-mean climatology of zonal and meridional velocity, density, water vapor,
and (equivalent) potential temperature. As shown by panel (a), zonal winds in the non-rotating
case feature significant anomalies from -10 ms~! background easterly winds throughout the tro-
posphere, including weak winds below 950 hPa due to boundary layer (BL) friction and easterly
(westerly) anomalies in the lower (upper) troposphere. The vertical shear in the free troposphere
diminishes gradually as the magnitude of rotation increases, while that in the BL keeps unchanged.
In contrast, the presence of the Coriolis force induces significant meridional winds in panel (b)
with northerlies below 950 hPa, southerlies between 950 hPa and 600 hPa, and northerlies above
400 hPa. Vertical profiles of density, potential temperature are mostly similar among all cases in
panels (c) and (d). As shown by panel (e), water vapor decreases exponentially in height with
most of water vapor contained below 600 hPa. Equivalent potential temperature in panel (f) is
characterized by negative vertical gradient below 700 hPa and positive vertical gradient above that
level. As the magnitude of rotation increases, the lower and middle troposphere become more

moist near 700 hPa with larger value of moisture and equivalent potential temperature. The result-
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ing reduced vertical gradient of equivalent potential temperature in the lower troposphere provides

less favorable conditions for convection.

¢. Multi-scale decomposition of flow fields across planetary-, synoptic- and meso-scales

In order to facilitate diagnostic analysis for multi-scale interactions in the following sections, we
introduce a multi-scale decomposition method based on the coarse-graining technique, a straight-
forward generalization of asymptotic averaging operators (Majda 2007) in a finite domain with
small grid spacing. The detailed procedure for decomposing total fields into domain mean, and
planetary-, synoptic-, meso-scale fluctuations is explained below. Suppose f is the total field and
Jres 15 the residual. Initially, let f..s = f.

Step 1: calculate the mean value of f,,, in the whole domain and denote it as f for domain-
mean.

Step 2: update the residual, f,.; = f — f, calculate the mean value of f,.; over a coarse grid with
2000 km spacing, and denote it as f? for planetary-scale fluctuations.

Step 3: update the residual, f,.; = f — f — f”, calculate the mean value of f,., over a coarse grid
with 256 km spacing, and denote it as f* for synoptic-scale fluctuations.

Step 4: update the residual, f.s = f — f — fP — f*, calculate the mean value of f,,s over a coarse
grid with 16 km spacing, and denote it as f’ for mesoscale fluctuations.

The coarse grid spacing (2000 km, 256 km, 16 km) is chosen so that 10 coarse grids (20000
km, 2560 km, 160 km) are able to resolve planetary-, synoptic- and meso-scale fluctuations, re-
spectively. In practice, we first coarse grain the total fields onto coarse grids of 16 km to save
computing expense and filter out fluctuations on smaller scales below 16 km. Such a residual
based technique for multi-scale decomposition is similar to that in Brenowitz et al. (2018), except

that the latter uses the low-pass filter in the Fourier domain. Fig.4 gives an example for decom-
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posing brightness temperature from the non-rotating case by using this multi-scale decomposition
method. This method successfully captures the spatio-temporal variability of convection across
multiple scales, including eastward-moving planetary-scale envelopes in panel (b), synoptic-scale
eastward- and westward-moving disturbances in panel (d) and prevalent westward-moving MCSs

in panel (e). The domain mean field in panel (¢) is steady with negligible variance.

4. The ITCZ Regime with Weak Rotation

In this section, we focus on the ITCZ regime with weak rotation (0 ~ 6° N). Typical regions
in this regime include the warm pool region from the Indian Ocean to the West Pacific and the
ITCZ region over the East Pacific (Waliser and Gautier 1993; Yang et al. 2017). Here we first
derive a multi-scale model with weak rotation across the planetary-, synoptic- and meso-scales
by following the systematic multi-scale asymptotic theory (Majda and Klein 2003; Majda 2007).
Then we use it as a diagnostic framework for energy budget analysis to understand why planetary-

scale organization of convection diminishes in this regime, as shown by Fig. 1a-d.

a. A multi-scale model with weak rotation for interactions of convection across planetary-,
synoptic- and meso-scales

In general, multi-scale asymptotic models are useful for capturing leading-order scale interac-
tions of convection across multiple spatial and temporal scales (Yang and Majda 2014; Majda
and Yang 2016; Yang et al. 2017). The derivation of this multi-scale model starts from the 2-D
anelastic primitive equations on the f plane. The Froude number € = 0.1 is chosen as the small
parameter for multi-scale asymptotic analysis. According to the standard scaling (Majda 2007),
synoptic-scale spatial and temporal coordinates (x,7) have dimensional units of (1500km, 8.3hrs).

Correspondingly, the planetary-scale spatial and temporal coordinates (X,7) have dimensional

14
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units (15000km,3days) that are é = 10 times of synoptic scales, while meso-scale coordinates
(¥, 1) are € = 1i0 of synoptic scales. As for physical variables, zonal and meridional velocity,
(u,v), are scaled in a unit of 50 ms~!, and vertical velocity w in a unit of 0.16 ms~!. Pressure
perturbation p is scaled in a unit of 2500 m?s~2, potential temperature anomalies 6 and mois-
ture anomalies ¢ in a unit of 15 K, and diabatic heating s¢ in a unit of 45 Kday~'. The order of
variables are summarized in the third column of Table 2. In order to separate terms into different
scales, spatial averaging operator # and temporal averaging operator () for an arbitrary variable
u, and the superscripts p, s indicates the averaging on planetary and synoptic scales, respectively.
This multi-scale model consists of four groups of equations, each of which governs dynamics on
one specific spatial temporal scales. In detail, the first group of equations at the 3rd row of Table 2
describe trade wind dynamics on the planetary/intraseasonal scale as a climatological background.
In contrast, the second group of equations at the 4th row describes the planetary/intraseasonal
anomalies under the effects of rotation, which are also influenced by the advection of background
flow U, W and interaction terms involving trade wind fields, U, ®, Q. Furthermore, the eddy trans-
fer of zonal momentum from synoptic fluctuations, —pg’ ! (po <W>p )Z and that from mesoscale
fluctuations, —p, ! (po <W>p ) . represent upscale impact of synoptic- and meso-scale dynamics.
Similar eddy terms also appear at the right hand side of meridional momentum, potential temper-
ature, and moisture equations. The third group of equations at the 5th row govern the dynamics
of synoptic-scale fluctuations, which is affected by the trade wind fields as well as eddy terms
from mesoscale fluctuations. The last group of equations at the 6th row describe the dynamics of

mesoscale fluctuations advected by trade wind fields.
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b. Effects of eddy momentum transfer on planetary-scale momentum and kinetic energy budget

According to the governing equations for planetary-scale zonal and meridional momentum in

Table 2,
D » A —— T
S uUx +wU; = fV = —px —du—p; ! (po (wir)"), — py" (o <W’u’>p>zv 1
DV A _ —_ - —
D_T + fu=—-dV — Po ! (Po <W”<V*>p)Z —Po ! (PO <W/v/>p>z ) (2)

where the trade wind background U is assumed to be -10 ms~!. After taking the climatological-

mean [-] (zonal and time averaging), the above equations are rewritten as,

A

ur) = [#V] + [=du) + [=pg" (po (w7)").] + [ (po (Wi)") |. 3)

Vel = (=7 + (V] + [p0 (o)) ] + [ () ]

which indicate that eddy momentum transfer from synoptic- and meso-scale fluctuations influ-
ences the planetary-scale winds.

Fig. 5a-c show the climatological-mean vertical profiles of eddy zonal momentum transfer from
meso-, synoptic- and planetary-scale fluctuations. In detail, the eddy momentum transfer from
mesoscale fluctuations in panel (a) induces westward (eastward) momentum forcing in the lower
(middle and upper) tropospheres. Its magnitude gets weakened in both the upper and lower tro-
pospheres as the latitude increases. In contrast, eddy momentum transfer from synoptic-scale
fluctuations in panel (b) is negligible, while that from planetary-scale fluctuations in panel (c) has
significant momentum forcing only above 600 hPa. In addition, panel (d) and (e) show the Coriolis
force term and momentum drag, both of which have the opposite vertical profiles as that in panel
(a). As the latitude increases, the momentum damping effect in panel (d) gets strengthened, while

that in panel (e) gets weakened.

16



»s  Fig. 6(a-c) shows the climatological-mean vertical profiles of eddy meridional momentum trans-
s fer from meso-, synoptic- and planetary-scale fluctuations. In detail, the eddy meridional momen-
s« tum transfer from mesoscale fluctuations induces both low-level and middle-tropospheric south-
w ward momentum forcing and upper-tropospheric northward momentum forcing, while that from
s synoptic fluctuations is negligible. The eddy momentum transfer from planetary-scale fluctuations
s« induces northward momentum forcing in the upper troposphere and southward momentum force
ws near the tropopause. The Coriolis force and momentum damping in panels (d) and (e) have the
ws similar vertical profiles but in the opposite signs.

«w  After multiplying Eqgs. 1 and 2 by pou and pgv respectively and taking climatological mean, we

ws can obtain the planetary kinetic energy budget equations,

K%”O”z) = [pofvi + [=popx] + [=dpoi?] + | = (po (') .u] + [ = (po (w0)") .

&)
(57°) | = podav] + oy + [ (oo 7)) ]+ [ (m579)7) V] o0

w  Fig.7a-c show the vertical profiles of energy source and sink terms in the planetary-scale ki-
s netic energy budget for zonal winds. Panel (a) shows the deceleration term involving the Coriolis
«r force, which transfers kinetic energy from zonal winds to meridional winds. In contrast, both
w2 terms involving synoptic- and meso-scale fluctuations in panels (b) and (c) induce acceleration
«s effects in both lower and upper tropospheres, whose magnitudes decrease gradually as the latitude
s« increases. Fig. 7d-f are for meridional winds. As shown by panel (e), the term involving eddy mo-
«s mentum transfer from synoptic-scale fluctuations is negligible at levels below 400 hPa but induces
«s acceleration/deceleration effects above that level. In contrast, the term involving eddy meridional
«v  momentum transfer from mesoscale fluctuations in panel (f) always induces deceleration effects

«s throughout the troposphere.
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Fig. 8a-b show the planetary-scale kinetic energy budget for zonal and meridional winds. The
first term for time tendency has negligible value in both panels. As shown by panel (a), eddy
momentum transfer from both synoptic- and meso-scale fluctuations induce acceleration effect,
while the terms involving the Coriolis force, pressure gradient and momentum damping induce
deceleration effect. As the latitude increases from 0 deg to 1,3,5 deg, acceleration effect induced
by both eddy momentum transfer term gets weakened, while the Coriolis force term increases
dramatically. Besides, both the terms involving pressure gradient and damping decrease as the
latitude increases. As shown by panel (b), the term involving eddy meridional momentum trans-
fer from synoptic-scale fluctuations induces weak acceleration effect, while that from mesoscale
fluctuations and the damping term induce significant deceleration effect.

Fig. 9a shows the schematic diagram for planetary-scale kinetic energy budget in the weak
rotation regime. According to Fig.8a, the dominant acceleration effect comes from the term in-
volving eddy zonal momentum transfer from mesoscale fluctuations [— (po <W>p )Zu} , while
the dominant deceleration effect comes from the term involving the Coriolis force [po f Vu}. As
the magnitude of rotation increases, this acceleration effect decreases dramatically while the de-
celeration effect increases instead. The resulting reduced planetary-scale kinetic energy budget of
zonal winds explains the diminishing planetary-scale organized convection.

Both changed acceleration/deceleration effects should be traced back to the increasing magni-
tude of rotation, as it is the only difference in the model input. In fact, the increasing deceleration
term [po f Vu] can be simply explained by the larger value of f at higher latitudes. As for the accel-
eration term [— (po <W>p )Z u] , its decreasing strength is attributed to less favorable conditions
for MCSs provided by background sounding of both low-level equivalent potential temperature
and low-level vertical shear of zonal winds as shown in Fig. 9b. According to Fig. 3f, the

low-level equivalent potential temperature between 600-800 hPa increases by a few Kelvin as the
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magnitude of rotation increases, leading to larger convective inhibition (CIN) and less moist insta-
bility. Meanwhile, the Coriolis term fV in Fig. 5d induces a momentum forcing in the opposite
sign as the climatological mean zonal winds in Fig. 3a, resulting in reduced low-level vertical

shear.

c. Effects of eddy heat transfer on planetary-scale heat and available potential energy budget

The governing equation for planetary-scale potential temperature anomalies in Table 2 reads as

follows,
Or +UBy +N*w = —dg6 —p; ! <p0 <w*9*>P> —py! (po <w'9'>”) + 50, 7
Z Z

where the trade wind background is assumed to be U = —10ms~! and ® = OK. The corresponding

climatological-mean equation is,

0r] = [-Nw] + [~do8] + |5 (o <W>”>J +|=p5" (o <W>’”>J Y] 8

Fig.10 show the climatological-mean vertical profiles of eddy heat transfer from meso-,
synoptic- and planetary-scale fluctuations. Unlike Fig. 5 and 6, the vertical profiles of all eddy
terms do not change much as the latitude increases, indicating that these terms are not directly
responsible for the diminishment of planetary-scale organization of convection. In fact, both eddy
heat transfer from synoptic- and meso-scale fluctuations introduces heating in the lower tropo-
sphere and increases CIN, providing unfavorable conditions for convection. In contrast, the eddy
heat transfer from planetary-scale fluctuations in panel (c) only induces heating/cooling effects

above 500 hPa.
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After multiplying Eq.7 by ’1’3—5 and taking climatological mean, the governing equation for avail-

able potential energy budget is obtained below,

62 .~ 62 .\ O ——p\ O 6

{(pOZ_NZ) T] = [—powb]+ [_Podem} + [— (PO (w"6*) )Zm} + [— (PO (we’) )ZW] + {Posem} ;
)

where the term [—pow0] transfers energy between kinetic energy and available potential energy.
Fig.11 shows the climatological-mean vertical profiles of energy source and sink terms in avail-
able potential energy budget. The energy transfer term in panel (a) is characterized by the second
baroclinic mode with upper-tropospheric (lower-tropospheric) energy sink (source) in a decreas-
ing magnitude. As shown by panels (b) and (c), the energy source/sink terms involving eddy
heat transfer from synoptic- and meso-scale fluctuations share the similar vertical profiles, both of
which feature an energy source below 850 hPa and above 300 hPa, and an energy sink between
350-850 hPa. Meanwhile, neither term changes much throughout the troposphere as the latitude
increases, indicating that these terms are not directly responsible for the diminishing planetary-

scale organization.

d. Effects of eddy transfer of equivalent potential temperature on the planetary-scale atmospheric
stability

Similar to Eq.8, the governing equation for equivalent potential temperature, 6,, reads as follows,

(60)r] = [~N2w] + [~do8.] + [-p5 " (o <w*—9:>”)j + =5 (po <W’_94>”)Z] ., (10

where N, represents background stratification of equivalent potential temperature.
Fig.12 shows the climatological-mean vertical profiles of eddy transfer of equivalent potential
temperature from planetary-, synoptic- and meso-scale fluctuations. Among these three terms,

eddy terms from synoptic- and meso-scale fluctuations dominate and induce cooling and drying
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effects below 850 hPa and heating and moistening effects above that level. The eddy term from
planetary fluctuations have negligible magnitude throughout the troposphere. As shown by panel
(d), the total eddy heat transfer features significant positive vertical gradient in the lower tropo-
sphere, which tends to reduce the atmospheric instability and provide unfavorable conditions for
convection. It is worth mentioning that these vertical profiles do not change as the magnitude of

rotation increases.

5. The Indian Monsoon Regime with Order-One Rotation

In this section, we will focus on the Indian Monsoon regime with order-one rotation (6° ~ 20°N).
A typical region in this regime is the monsoon trough over the Indian subcontinent (Gadgil 2003).
As shown by Fig.le-g, large-scale convection is dominated by synoptic-scale envelopes that move
eastward at a speed of 15 m/s, resembling the simulation by Grabowski and Moncrieff (2001). It is
important to investigate the upscale impact of MCSs on synoptic-scale dynamics and understand
why synoptic-scale organization persists in this regime.

Table 3 shows the multi-scale model for the scale interactions across meso-, synoptic- and
planetary-scales in the order-one rotation regime. To derive this multi-scale model, we use the
same physical scaling for all physical variables as Section 4a, except for the Coriolis force pa-
rameter f in the order-one magnitude. Thus, the two models in Table 2 and 3 share many similar
features. The major difference lies in the fact that trade wind background and synoptic-scale dy-
namics in Table 3 feel the Coriolis force. Moreover, this three-scale model can be regarded as the
coupling between the IMMD model (Biello and Majda 2010) for planetary- and synoptic-scale

interactions and the MESD model (Majda 2007) for synoptic- and meso-scale interactions.
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Upscale impact of meso-scale fluctuations on synoptic-scale dynamics

According to Table 3, synoptic-scale dynamics is driven by eddy transfer of momentum, tem-
perature and moisture from mesoscale fluctuations. It should be interesting to investigate the up-
scale impact of MCSs on synoptic-scale organization of convection in this regime. The governing
equations for synoptic-scale kinetic energy budget of zonal and meridional winds and available

potential energy budget read below,

K%po(u*)z)t: = [pofvu*] + [—popiu’] + [— (po <W>S)Zu*} , (1)
(i) - Lot )]
KPO%); = [~pow™ 0] + {— (Po <W>Y)Z]97Z] + [POSZ%] : (13)

Fig.13 shows the climatological-mean vertical profiles of energy source/sink terms on the
synoptic-scale kinetic and available potential energy budgets. It turns out that eddy zonal mo-
mentum transfer in panel (a) induces acceleration effects throughout the troposphere, whose mag-
nitude decays gradually as the latitude increases. In contrast, eddy meridional momentum transfer
in panel (b) induces weaker deceleration effects, while eddy heat transfer in panel (c) induces
alternate energy source and sink at different levels. Besides, the Coriolis force term in panel (d)
transfers kinetic energy from zonal winds to meridional winds, leading to deceleration effect in the
kinetic energy budget of zonal winds. The term involving pressure gradient in panel (e) induces
acceleration (deceleration) effect below (above) 850 hPa. In addition, the energy transfer term be-
tween kinetic and available potential energy in panel (f) is characterized by the second baroclinic
mode with low-level (upper-level) energy source (sink).

Fig.14 shows the synoptic-scale kinetic energy budget for zonal and meridional winds. The time

tendency term in both panels (a) and (b) has negligible value. The acceleration/deceleration effects
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induced by the Coriolis force do not change much. As for kinetic energy of zonal winds in panel
(a), the dominant acceleration effect due to eddy zonal momentum transfer from mesoscale fluc-
tuations decays as the latitude increases. Correspondingly, the deceleration effect due to pressure
gradient also decays. As for meridional winds, the acceleration effect induced by the Coriolis force
is balanced by the term involving eddy meridional momentum transfer and the damping residual.
The residual in panel (b) is too large to be ignored and behaves as momentum dissipation, presum-
ably due to the frictional effect from unorganized convection below the mesoscale that has been
excluded in the budget analysis.

Fig.15 shows the schematic diagram for synoptic-scale kinetic energy budget. According to Fig.
14a, the dominant acceleration effect in synoptic kinetic energy of zonal winds is induced by eddy
zonal momentum transfer from mesoscale fluctuations [— (po <W>Y>Zu*} , while the decelera-
tion effect comes from the term involving the Coriolis force [po fv*u*]. Thus, this acceleration
effect maintains the synoptic-scale organization of convection. As the latitude further increases,
this acceleration effect decays gradually, while the deceleration effect is unchanged. The resulting
reduced synoptic-scale kinetic energy of zonal winds explains the diminishment of synoptic-scale
organization in the order-one and strong rotation regimes in Fig. le-h. Similar to the weak rotation
regime, the decaying upscale impact of MCSs is attributed to less favorable conditions for convec-
tion provided by background sounding of warmer low-level equivalent potential temperature and

weaker low-level vertical shear of zonal winds at higher latitudes, as shown in Fig. 3.

6. The Mid-Latitude Regime with Strong Rotation

In this section, we consider the mid-latitude regime with strong rotation. As shown by Fig.1h,

the solution in this regime is characterized by scattered and random MCSs prevailing in the whole

23



47

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

domain. It is interesting to investigate the upscale impact of MCSs and understand the vanishment

of synoptic-scale organization of convection in the strong rotation regime.

a. A multi-scale model with strong rotation for interactions of convection across planetary-,
synoptic- and meso-scales

It is well known that large-scale circulation at mid-latitudes is governed by the QG dynamics.
Thus the standard QG scaling (Vallis 2017) is adopted here. In details, synoptic-scale spatial
and temporal coordinates (x,7) have dimensional units of (1000km,28hrs). Correspondingly, the
planetary-scale spatial coordinate X has dimensional units 10000km that are é = 10 times of those
on the synoptic scale, while meso-scale coordinates (x’,7) are € = % of synoptic-scale ones. As
for physical variables, zonal and meridional velocity, (u,v), are scaled in a unit of 10 ms— 1, and
vertical velocity w in a unit of 0.1 ms~!. Pressure perturbation p is scaled in a unit of 1000 m?s 2,
potential temperature anomalies 6 and moisture anomalies ¢ in a unit of 3 K, and diabatic heating
sg in a unit of 2.57 Kday ™.

Table 4 shows the multi-scale model in this strong rotation regime with three groups of equa-
tions, each of which governs one single scale dynamics. In brief, the planetary-scale dynamics
is governed by long-wave approximation equations, the synoptic-scale dynamics is governed by
QG equations, and the mesoscale dynamics is governed by the linear mesoscale equatorial weak
temperature gradient (MEWTG) equations (Majda and Klein 2003; Majda et al. 2008). Notably,
this multi-scale model is distinguished from the other two models in Table 2 and 3 by the absence
of eddy terms across planetary-, synoptic- and meso-scales. This multi-scale model predicts the-

oretically that upscale impact of synoptic- and meso-scale fluctuations is negligible in the strong

rotation regime.
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b. Upscale impact of meso-scale fluctuations on synoptic-scale dynamics

Fig. 16 shows the synoptic-scale kinetic energy budget for zonal and meridional winds in the
strong rotation regime. The overall features of all energy source and sink terms are similar to
those in Fig.14. In particular, eddy zonal momentum transfer from meso-scale fluctuations still
induces acceleration effect in the kinetic energy budgets, whose magnitude further decreases as the
latitude increases. In contrast, eddy meridional momentum transfer induces deceleration effects.
However, when compared with Fig.14, these acceleration/deceleration effects are too weak to
support synoptic-scale organization of convection. Unlike Fig.14, the deceleration effect due to

the Coriolis force gradually decreases as the rotation increases.

7. Concluding Discussion

This study is aimed at investigating the effects of rotation on the multi-scale organization of
convection with the following goals. First, we use a global 2-D CRM to simulate multi-scale
organization of convection in three rotation regimes (weak, order-one, and strong), representing
idealized ITCZ region (0° ~ 6° N), Indian monsoon region (6° ~ 20° N), and mid-latitude region
(20° ~ 45° N), respectively. Secondly, we derive a multi-scale asymptotic model for upscale
and downscale impacts in each rotation regime and use it as a diagnostic framework for energy
budget analysis. Thirdly, we explain why planetary-scale organization diminishes in the weak
rotation regime as the magnitude of rotation increases and investigate the role of eddy transfer
of momentum, temperature, and equivalent potential temperature from meso- and synoptic-scale
fluctuations. Lastly, we explain why synoptic-scale organization persists in the order-one rotation
regime but diminishes in the strong rotation regime.

Here we use the 2-D version of the SAM model to simulate multi-scale organization of con-

vection with different magnitudes of rotation. In the weak rotation regime, planetary-scale orga-
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nization of convection arises at the latitude O deg and 1° N, but diminishes as the magnitude of
rotation increases. The eastward-moving planetary-scale envelope contains several eastward- and
westward-moving synoptic-scale disturbances with numerous embedded MCSs. In the order-one
rotation regime, convection is organized in a two-scale structure with eastward-moving synoptic-
scale envelopes and westward-moving embedded MCSs. In the strong rotation regime, numerous
scattered and unorganized MCSs prevail in the whole domain. The effect of rotation on large-
scale organization of convection as revealed by this CRM simulation is consistent to that in Majda
et al. (2015). With both radiative cooling and surface fluxes fixed, the planetary-scale organization
of convection in our simulations is mainly due to the multi-scale interactions of flow fields, dis-
tinguishing itself from several previous theories that focus on convection-radiation-surface fluxes
feedbacks. (Bretherton et al. 2005; Wing and Emanuel 2014; Bretherton and Khairoutdinov 2015).

Here we divide all scenarios into three regimes (weak, order-one, and strong) in terms of the
magnitude of rotation. In each rotation regime, a three-scale model is derived by using the multi-
scale asymptotic method and used as a diagnostic framework to study the scale interactions of
convection across planetary-, synoptic- and meso-scales. Although they are reduced models from
the primitive equations, these multi-scale models presumably capture the leading-order quantities
of all flow fields with only small errors. The advantages of using these multi-scale models as a
diagnostic framework for budget analysis lie in three aspects, including i) modeling the scale inter-
actions of flow fields across multiple scales, ii) highlighting possible dominant terms in the energy
budget, iii) simplifying the diagnostic studies by ignoring secondary terms. By diagnostically cal-
culating energy budget based on these multi-scale models, we figure out energy transfer routes
on both planetary and synoptic scales and summarize them in the schematic diagrams in Fig. 9a
and Fig. 15. As shown by Fig. 9a, planetary kinetic energy of zonal winds is fueled by domi-

nant acceleration effect from MCSs and also that from synoptic convectively coupled waves, but
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consumed through energy transfer to kinetic energy of meridional winds and available potential
energy as well as dissipation. The energy transfer routes on synoptic scale in Fig. 15 are similar
to those on planetary scale, reflecting the self-similarity property of convection (Majda 2007).

The results here highlight the crucial upscale impact of eddy zonal momentum transfer from
mesoscale fluctuations on both planetary- and synoptic-scale organization of convection. As the
magnitude of rotation increases, its acceleration effect on the planetary kinetic energy of zonal
winds decreases gradually, diminishing the planetary-scale organization of convection. Similarly,
due to its decreasing acceleration effect on synoptic kinetic energy of zonal winds, synoptic-scale
organization of convection only persists in the order-one rotation regime but diminishes in the
strong rotation regime. This indicates a need to parameterize upscale impact of MCSs in the
coarse-resolution GCMs. In fact, the MESD model (Majda 2007) theoretically predicts the sig-
nificant upscale impact of MCSs on eastward-moving CCKWs (Yang and Majda 2017, 2018) and
2-day waves (Yang and Majda 2019). Based on the explicit expressions of eddy terms obtained
from the MESD model, Yang et al. (2019) proposed a basic parameterization of upscale impact of
upshear-moving MCSs and showed that this parameterization significantly improves key features
of the MJO analog in a multicloud model. Moncrieff et al. (2017) introduced a parameteriza-
tion for collective effects of mesoscale organized convection that are missing in the contemporary
cumulus parameterization in the GCM.

The diminishing acceleration effects from MCSs are traced back to the increasing magnitude of
rotation, since it is the only difference in the model input among all simulations. As the magnitude
of rotation increases, both vertical gradient of equivalent potential temperature and vertical shear of
zonal winds in the lower troposphere decays, providing less favorable conditions for the generation
and propagation of MCSs. Consequently, their upscale impact on the planetary and synoptic

kinetic energy diminishes. The schematic diagram in Fig. 9b specifically depicts the effects of
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increasing rotation on background sounding with less favorable conditions for promoting MCSs.
Such upscale and downscale impacts illustrate the crucial role of multi-scale interactions in scale
selection and organization of convection. Studying the effects of rotation should help improve
our fundamental understanding of large-scale organization of convection at different latitudes.
Besides, the MCSs in this 2-D CRM with rotation share several realistic features with 3-D CRMs,
while those in 2-D CRMs without rotation typically have an unrealistic strong circulation in the
zonal direction.

This study can be elaborated and extended in various ways. The implication of multi-scale
organization of convection presented here is limited due to the 2-D model configuration. Thus
one research direction is to implement the 3-D simulations and investigate the effects of rotation.
Meanwhile, the validity of using multi-scale asymptotic models as a diagnostic framework de-
pends on appropriate physical scaling for all flow fields and a good multi-scale decomposition
method for capturing the scale separation property of solutions. Another research direction is to
consider the multi-scale interactions of convection over the warm pool scenario. Also, it should
be interesting to consider the scenario in the presence of active radiation and surface flux and
investigate whether the multi-scale interaction mechanism would collaborate with the convection-

radiation-surface flux feedback mechanisms.
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TABLE 1: Coriolis force parameter (f = 2Qsin(¢)) and the corresponding time scale (]l,) in these
10 cases.

Regime Latitude (deg N) | Coriolis f (1/s) le (hrs)
No Rotation 0 0 oo
1 2.5%x107° 109.1
Weak Rotation 3 7.6x107° 364
5 1.3x107° 21.9
9 23%x107° 12.2
Order-One Rotation 14 3.5%x 107 7.9
20 50x107° 5.6
27 6.6 x 107> 4.2
Strong Rotation 35 8.4x107 3.3
45 1.0 x 10~* 2.7
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TABLE 2: Multi-scale asymptotic model across planetary-, synoptic- and meso-scales in the weak

rotation regime.

Regime 1: Weak Rotation (f from ¢ (£))

Space and
Time Scales

Governing Equations

Variables

bU = Py —d(U-Up)

d,dg from O (€)

DT —
Trade winds br TN'W =—dg®+Sp %:%+U%+W%
(planetary / P.=0 U,P,0,Q from 0 (1)
intraseasonal) U +p! (poW). =0 V.W,Sp from & (&)
0 z
b7 — QoW = —54 Po = po (2)
Du  uUy +wU, — fV = —px —du
= (po (wu)"), ~ g (o (W)")
ID)_‘Y/' + fu=—dv
Py | () (),
anomalies g—g +u®x +wO, +N*w = —dg0 + s¢ u,V,p,0,q from 0 (¢€)
(f:rl?rrnnaftgleogy —po ! (Po <W>p>z —py (Po <W>p)z w,s¢ from & (€?)
p,=0
ux +py ' (pow), =0
bk 4 uQx +wQ: — Qow = —sg
=0 (o (7g)"). o (0 ()"
i + Ui +w'U = —pi—py ' (po (W)').
Synoptic VU =Ry <p0 <W>S>z

fluctuations in
space or time

0 +UO:+w'O®, +N?w* = —pO_] (po <W’9’>S> +55
Z

p;=10"

ui+py " (Pow*): =0

4 +Uqi+w' Q. — Qow* = —s5—py ! (Po <W’61’>s)

all variables from O (€)

Mesoscale
fluctuations in
space and time

uy +Uu, +w'U, = —pl,

VCL-+UV;/ =0
0, + U0, +W®O,+N>w =s,
p.="¢

Wy +py ' (Pow') =0
4z +Uqy +w'Q: — Qow' = —s

u' V. p' 0 4 from O (€)
w', s from & (1)
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TABLE 3: Multi-scale asymptotic model across planetary-, synoptic- and meso-scales in the order-
one rotation regime.

Regime 2: Order-One Rotation (f from ¢ (1))

Space and
Time Scales

Governing Equations

Variables

bU —fv=—Pc—d(U-Up)

fU = —g2dv d,dg from 0 (€)
Trade winds DO 2w — 7 D _ 9 d d
intraseasonal) | P, =0 U,P,0,0Q from &' (1)

Ux +py ' (poW), =0 V,W,Sg from O (¢)

D7 — QoW = —Se

l%-l-qu -I-wUZ—fv = —px —du

" (po (w)"), = p " (o (W) )

fu = —g2dy N> =1
Planetary / DO 5 "
intraseasonal | pr T uOx +wO; +N-“w = —dy6 + s¢ u,p,0,q from O (g)
anomalies —1 —ar\? —1 —a\P 2
from the —pP, (po (W 0*) )Z—po (po (Wo') >Z v,w,sg from & (&?)
climatology p.=0

ux +py ' (pow), =0

b + uQx +wQ; — Qow = —s6

_p()_] (PO <W*q*>p)z _po—l <p0 <W’q/>p>
uf + U +wiU = fv = —p; —pg (o (Wir)')
Zz

VEF UV fut = —pO_1 (po <W>S)
Synoptic z s
fluctuations in | 0 +U 0% +w*®, +N*w* = —p; ! (po (W'’ > +sp | all variables from & (€)
space or time . i N

p, =0

i +py ' (Pow*) =0
G+ UG +w 0. — 0w = =55~y (o (We)')

Mesoscale
fluctuations in
space and time

uy +Uu, +w'U, = —p,

Vi+UV, =0
0; +UB., +wO.+Nw =5,
pr=1¢0

Wy +py " (Pow'): =0
4 +Uq, +w Q. — QoW = —s)

u' V., p', 0 q from O (€)
w', s} from 0 (1)
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TABLE 4: Multi-scale asymptotic model across planetary-, synoptic- and meso-scales in the strong

rotation regime.

Regime 3: Strong Rotation (f from ¢ (8_

)

Space and
Time Scales

Governing Equations

Variables

U —fV=—Py—d(U-U)

NP R
Planetary / fU =—¢g“dV d,dg from O (1)
syno;l)tltg-tlme O, +N2W = Sg — dp® U,P,0,Sy from O (1)
circulation
P,.=0 V,W from O (¢€)
Ux +pg ' (PoW), =0
D_ 0, pyod
Synoptic A R o X o= o TUG% X
ﬂngtrueatilglrés in | L (o5 +f205) =—do;. —dof>05+ f (s*g,)Z uw'=0v"=9¢;,0"=fo;
s all variables from & (1)
iy | we+ (U +ut)ul, +w (U+u*),— v =—(p')y | ', from O (¢)
esoscale

fluctuations in
space and time

Vo4 (U 4u)V, +wvi+ fu' =0
2.
N*w' =5,

Wy +py ' (Pow') =0

w' from O (1)
p' from O (€?)

spp from 0 (8_1)
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Log-scale wavenumber-frequency spectra of brightness temperature (left) and 850-hPa zonal
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budget terms based on the last 80-day model output in the weak rotation regime. Panels
(a-c) show eddy zonal momentum transfer from (a) mesoscale fluctuations, (b) synoptic
fluctuations, (c) planetary fluctuations, and panel (f) shows total. The remaining panels
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Vertical profiles of climatological-mean (domain-mean and time-mean) meridional momen-
tum budget terms based on the last 80-day model output in the weak rotation regime. Panels
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Vertical profiles of climatological-mean (domain-mean and time-mean) planetary-scale ki-
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Schematic diagram explaining why planetary-scale kinetic energy of zonal winds dimin-
ishes as the rotation f increases in the weak rotation regime. Panel (a) shows acceler-
ation/deceleration effects in the planetary-scale kinetic energy budget of both zonal and
meridional winds, where bold (thin) arrows indicate the dominant (secondary) energy
source/sink terms. The red up (blue down) arrow represents increasing (decreasing) in mag-
nitude. Overall, the diminishment of planetary kinetic energy of zonal winds is due to i) in-
creasing deceleration term involving the Coriolis force, and ii) decreasing acceleration term
involving eddy zonal momentum transfer from mesoscale fluctuations. Panel (b) attributes
the diminishment of mesoscale convective systems to the increasing low-level equivalent
potential temperature and decreasing low-level vertical shear in the background sounding as
the rotation f increases.

Vertical profiles of climatological-mean (domain-mean and time-mean) eddy heat transfer
from (a) mesoscale fluctuations, (b) synoptic fluctuations, (c¢) planetary fluctuations, and (d)
total, based on the last 80-day model output in the weak rotation regime. The unit of eddy
heat transfer is Ks~2.

Vertical profiles of climatological-mean (domain-mean and time-mean) available potential
energy source and sink terms, based on the last 80-day model output in the weak rotation
regime. Panel (a) shows the term involving energy transfer between kinetic energy and
available potential energy. Panels (b-c) show available potential energy source and sinks
terms involving eddy heat transfer from (b) synoptic fluctuations, (c) mesoscale fluctuations.
Potential temperature is rescaled by a constant, 6 = %9. The dimensional unit of all terms

is kgm~1s73.

Vertical profiles of climatological-mean (domain-mean and time-mean) eddy transfer of
equivalent potential temperature from (a) mesoscale fluctuations, (b) synoptic fluctuations,
(c) planetary fluctuations, and (d) total, based on the last 80-day model output in the weak
rotation regime. The unit of eddy transfer of equivalent potential temperature is K /.

Vertical profiles of climatological-mean (domain-mean and time-mean) synoptic-scale en-
ergy source and sink terms based on the last 80-day model output in the order-one rotation
regime. Panels (a-d) show the terms involving (a) eddy zonal momentum transfer, (b) eddy
meridional momentum transfer, (c) eddy heat transfer, (d) the Coriolis force. Panel (e-f)
show the terms representing energy conversion between kinetic energy and available poten-
tial energy. The dimensional unit of all terms is 10 kgm s>,

Climatological-mean (zonal and vertical mean, and time-mean) total synoptic-scale kinetic
energy source and sink terms for (a) zonal winds, (b) meridional winds, based on the last
80-day model output in the order-one rotation regime. The dimensional unit of all terms is
kgm~!s73. The y-axis limit in both panels are 1.1 x 10 kg /m/s>.

Schematic diagram explaining the maintenance of synoptic organization of convection and
its diminishment as the rotation further increases in the order-one rotation regime. This
figure shows acceleration/deceleration effects in the synoptic-scale kinetic energy budget
of both zonal and meridional winds, where bold (thin) arrows indicate the dominant (sec-
ondary) energy source/sink terms. The blue down arrow represents decreasing in magnitude.
Overall, the diminishment of synoptic kinetic energy of zonal winds is due to decreasing ac-
celeration term involving eddy zonal momentum transfer from mesoscale fluctuations. The
explanation for the diminishment of mesoscale convective systems is the same as Fig.12, so
it is not repeated here.
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Fig. 16. Climatological-mean (zonal and vertical mean, and time-mean) total synoptic-scale kinetic
energy source and sink terms for (a) zonal winds, (b) meridional winds, based on the last
80-day model output in the strong rotation regime. The dimensional unit of all terms is
kgm~'s73. The y-axis limit in both panels are 0.80 x 10~>kg/m/s>.
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FIG. 1: Hovmoller diagrams of brightness temperature in cases with various magnitude of rotation.
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respectively. The output is coarse-grained into 16-km grid resolutions (averaged over every 8
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Figure 2 continued
47



®)v(ms) , _(e) p (kg/m®) _
200 +
300
400
& s00f
<
o
2 600
0
o
& 700
800
900
1000 & . L N - =
-12 -1 -10 -9 -8 -7 -6 -5 -2.5 -2 -1.5 -1 -0.5 05 0
(d) 6 (K) (e) a, (9/kg)
200 -
300
400
& s00t
<
o
2 600
0
o
& 700
800
900 -
1000 \
0 5 10 15 320

F1G. 3: Domain-mean climatology of (a) zonal velocity, (b) meridional velocity, (c), air density,
(d) potential temperature, (e) water vapor, (f) equivalent potential temperature in these 10 cases

based on last 80-day output. The horizontal axis shows the value of each field with its dimensional
unit attached in the subtitle.
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FIG. 4: Multi-scale decomposition of brightness temperature field in the non-rotating case through
coarse graining method. Panel (a) shows the total field. Panels (b-d) show (b) planetary fluctua-
tions, (c) domain-mean, (d) synoptic fluctuations, (e) mesoscale fluctuations. Coarse grid size in
these panels is (a) 16 km, (b) 2048 km, (d) 256 km, (e) 16 km. The unit is K.
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(a) F¥ from mesoscale fluctuations (b) F from synoptic fluctuations (c) F¥ from planetary fluctuations
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FIG. 5: Vertical profiles of climatological-mean (domain-mean and time-mean) zonal momentum
budget terms based on the last 80-day model output in the weak rotation regime. Panels (a-c)
show eddy zonal momentum transfer from (a) mesoscale fluctuations, (b) synoptic fluctuations,

(c) planetary fluctuations, and panel (f) shows total. The remaining panels show (d) the Coriolis

term, and (¢) momentum damping. The unit of eddy zonal momentum transfer is ms 2.
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FIG. 6: Vertical profiles of climatological-mean (domain-mean and time-mean) meridional mo-
mentum budget terms based on the last 80-day model output in the weak rotation regime. Panels
(a-c) show eddy meridional momentum transfer from (a) mesoscale fluctuations, (b) synoptic fluc-
tuations, (c) planetary fluctuations, and panel (f) shows total. The remaining panels show (d) the
Coriolis term, and (¢) momentum damping. The unit of eddy meridional momentum transfer is

ms
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FI1G. 7: Vertical profiles of climatological-mean (domain-mean and time-mean) planetary-scale
kinetic energy source and sink terms, based on the last 80-day model output in the weak rotation
regime. Panels (a-c) show the terms involving (a) the Coriolis force, (b) eddy zonal momentum
transfer from synoptic fluctuations, (c¢) eddy zonal momentum transfer from mesoscale fluctua-
tions. Panels (d-f) are similar to panels (a-c) but for meridional winds. The dimensional unit of all

terms is kgm ™ 's73.
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(a) Planetary-scale kinetic energy budget for zonal winds
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(b) Planetary-scale kinetic energy budget for meridional winds
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F1G. 8: Climatological-mean (zonal and vertical mean, and time-mean) total planetary-scale ki-
netic energy source and sink terms for (a) zonal winds, (b) meridional winds, based on the last
80-day model output in the weak rotation regime. The dimensional unit of all terms is kgm s .

The y-axis limit in both panels are 2.35 x 10kg/m/s>.
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(a) Planetary kinetic energy of zonal winds diminishes as rotation f increases
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(b) Mesoscale convective systems diminishes as rotation f increases
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F1G. 9: Schematic diagram explaining why planetary-scale kinetic energy of zonal winds di-
minishes as the rotation f increases in the weak rotation regime. Panel (a) shows accelera-
tion/deceleration effects in the planetary-scale kinetic energy budget of both zonal and meridional
winds, where bold (thin) arrows indicate the dominant (secondary) energy source/sink terms. The
red up (blue down) arrow represents increasing (decreasing) in magnitude. Overall, the diminish-
ment of planetary kinetic energy of zonal winds is due to i) increasing deceleration term involving
the Coriolis force, and ii) decreasing acceleration term involving eddy zonal momentum transfer
from mesoscale fluctuations. Panel (b) attributes the diminishment of mesoscale convective sys-
tems to the increasing low-level equivalent poterfjal temperature and decreasing low-level vertical
shear in the background sounding as the rotation f increases.



(a) domain-mean F? from mesoscale fluctuations (b) domain-mean F’ from synoptic fluctuations
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F1G. 10: Vertical profiles of climatological-mean (domain-mean and time-mean) eddy heat trans-
fer from (a) mesoscale fluctuations, (b) synoptic fluctuations, (c) planetary fluctuations, and (d)
total, based on the last 80-day model output in the weak rotation regime. The unit of eddy heat
transfer is Ks—2.
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FIG. 11: Vertical profiles of climatological-mean (domain-mean and time-mean) available poten-
tial energy source and sink terms, based on the last 80-day model output in the weak rotation
regime. Panel (a) shows the term involving energy transfer between kinetic energy and available
potential energy. Panels (b-c) show available potential energy source and sinks terms involving
eddy heat transfer from (b) synoptic fluctuations, (c) mesoscale fluctuations. Potential temperature

is rescaled by a constant, 0 = %9. The dimensional unit of all terms is kgm_ls_3.
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(a) domain-mean F’. from mesoscale fluctuations (b) domain-mean F’ from synoptic fluctuations
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F1G. 12: Vertical profiles of climatological-mean (domain-mean and time-mean) eddy transfer
of equivalent potential temperature from (a) mesoscale fluctuations, (b) synoptic fluctuations, (c)
planetary fluctuations, and (d) total, based on the last 80-day model output in the weak rotation
regime. The unit of eddy transfer of equivalent potential temperature is K /.
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F1G. 13: Vertical profiles of climatological-mean (domain-mean and time-mean) synoptic-scale
energy source and sink terms based on the last 80-day model output in the order-one rotation
regime. Panels (a-d) show the terms involving (a) eddy zonal momentum transfer, (b) eddy merid-
ional momentum transfer, (c) eddy heat transfer, (d) the Coriolis force. Panel (e-f) show the terms
representing energy conversion between kinetic energy and available potential energy. The dimen-

sional unit of all terms is 102 kgm s 3.
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(a) Synoptic-scale kinetic energy budget for zonal winds
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(b) SynopTic-scaIe kinetic energy budget for meridio‘nal winds ‘
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F1G. 14: Climatological-mean (zonal and vertical mean, and time-mean) total synoptic-scale ki-
netic energy source and sink terms for (a) zonal winds, (b) meridional winds, based on the last 80-
day model output in the order-one rotation regime. The dimensional unit of all terms is kgm ™ 's~3.

The y-axis limit in both panels are 1.1 x 10~°kg/m/s>.
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Synoptic kinetic energy of zonal winds diminishes as rotation f increases
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FI1G. 15: Schematic diagram explaining the maintenance of synoptic organization of convection
and its diminishment as the rotation further increases in the order-one rotation regime. This fig-
ure shows acceleration/deceleration effects in the synoptic-scale kinetic energy budget of both
zonal and meridional winds, where bold (thin) arrows indicate the dominant (secondary) energy
source/sink terms. The blue down arrow represents decreasing in magnitude. Overall, the dimin-
ishment of synoptic kinetic energy of zonal winds is due to decreasing acceleration term involving
eddy zonal momentum transfer from mesoscale fluctuations. The explanation for the diminish-
ment of mesoscale convective systems is the same as Fig.12, so it is not repeated here.
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(a) Synoptic-scale kinetic energy budget for zonal winds
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F1G. 16: Climatological-mean (zonal and vertical mean, and time-mean) total synoptic-scale ki-
netic energy source and sink terms for (a) zonal winds, (b) meridional winds, based on the last

80-day model output in the strong rotation regime. The dimensional unit of all terms is kgm s .

The y-axis limit in both panels are 0.80 x 10 kg /m/s>.
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