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ABSTRACT: An energy budget combining atmospheric moist static energy (MSE) and upper ocean heat content (OHC)
is used to examine the processes impacting day-to-day convective variability in the tropical Indian and western Pacific
Oceans. Feedbacks arising from atmospheric and oceanic transport processes, surface fluxes, and radiation drive the cycli-
cal amplification and decay of convection around suppressed and enhanced convective equilibrium states, referred to as
shallow and deep convective discharge-recharge (D-R) cycles, respectively. The shallow convective D-R cycle is charac-
terized by alternating enhancements of shallow cumulus and stratocumulus, often in the presence of extensive cirrus
clouds. The deep convective D-R cycle is characterized by sequential increases in shallow cumulus, congestus, narrow
deep precipitation, wide deep precipitation, a mix of detached anvil and altostratus and altocumulus, and once again
shallow cumulus cloud types. Transitions from the shallow to deep D-R cycle are favored by a positive “column process”
feedback, while discharge of convective instability and OHC by mesoscale convective systems (MCSs) contributes to tran-
sitions from the deep to shallow D-R cycle. Variability in the processes impacting MSE is comparable in magnitude to, but
considerably more balanced than, variability in the processes impacting OHC. Variations in the quantity of atmosphere—
ocean coupled static energy (MSE + OHC) result primarily from atmospheric and oceanic transport processes, but
are mainly realized as changes in OHC. MCSs are unique in their ability to rapidly discharge both lower-tropospheric
convective instability and OHC.

KEYWORDS: Convective clouds; Energy transport; Madden-Julian oscillation; Intraseasonal variability;
Oceanic variability; Tropical variability

1. Introduction When considered at sufficiently large spatial and temporal
scales, these processes can be characterized by various forms
of statistical quasi balance (Arakawa and Schubert 1974;
Raymond 1997; Neelin et al. 2008; Jakob et al. 2019). In the
tropics, convective activity is uniquely and intimately linked
to atmospheric transports of MSE through weak temperature
gradient (WTG) balance (Sobel and Bretherton 2000; Sobel
et al. 2001; Raymond 2001). Raymond et al. (2009) suggested
that if the efficiency of MSE export by atmospheric transport
processes is an increasing function of convective activity, then
the tropical atmosphere may behave like a bistable system,
with a humid, enhanced convective equilibrium state separated

Each day solar insolation warms the upper tropical oceans,
from which heat and moisture are transferred to the lower at-
mosphere via turbulent fluxes, warming, moistening, and in-
creasing the moist static energy (MSE) of planetary boundary
layer air (Randall 2015). Convective updrafts carry high MSE
boundary layer air into the free troposphere, condensing wa-
ter vapor to form precipitation and clouds, which shade the
ocean from solar insolation, and trap outgoing longwave radi-
ation in the atmosphere. Latent heat released within convec-
tive updrafts helps drive the atmospheric circulation which, in
turn, influences ocean currents and mixing. Atmospheric and

oceanic motions spatially redistribute heat, moisture, and mo-  {rom a dry, suppressed convective equilibrium state by an
mentum over a wide range of scales. unstable equilibrium state (appendix A, Fig. A1). Multiple-

equilibria studies applying the WTG approximation to both

single-column atmospheric models with parameterized con-

vection and cloud permitting models have documented initial

Denotes content that is immediately available upon publica-  condition dependence of convective evolution that is broadly
tion as open access. consistent with a bistable system having two basins of attrac-
tion adjoined by an unstable equilibrium, akin to a skate-
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Previous studies examining day-to-day convective variabil-
ity indicate that, instead of being maintained near these states
of quasi equilibrium, coupled feedbacks between clouds and
their surrounding environment give rise to the cyclical ampli-
fication and decay of convection, referred to as convective
discharge-recharge (D-R) cycles (Bladé and Hartmann 1993;
Yano and Plant 2012a; Hannah et al. 2016; Igel 2017; Inoue
and Back 2017; Wolding et al. 2020a; Yano et al. 2020;
Maithel and Back 2022). These studies suggest that D-R
cycles are ubiquitous over tropical oceans, and occur on time
scales of approximately 1040 days (Inoue et al. 2021; Maithel
and Back 2022). Observations indicate that the amplification
of convection is characterized by a transition from pre-
dominantly shallow, to convective, to stratiform precipita-
tion types, and increasing mesoscale convective system
(MCS) activity (Hannah et al. 2016; Wolding et al. 2020a,
2022; Chen et al. 2022). During amplification, moistening
begins in the boundary layer and moves progressively up-
ward into the free troposphere, increasing column satura-
tion fraction (CSF) and MSE, and is accompanied by a
dipole of weak warming and cooling occurring above and
below the freezing level, respectively (Igel 2017; Wolding
et al. 2022).

The processes driving D-R cycles have been examined us-
ing field campaign data, various satellite products, and ERA-
Interim (ERAI{) (Masunaga and L’Ecuyer 2014; Hannah et al.
2016; Inoue and Back 2017; Inoue et al. 2021; Maithel and
Back 2022). Using ERAI reanalysis, Inoue et al. (2021) found
that the cyclical amplification and decay of convection was
primarily explained by variability in horizontal moisture ad-
vection, in the absence of which convection self-amplified
through a positive “column-process” feedback (i.e., net effect
of vertical moisture advection, precipitation, and surface
evaporation) (Chikira 2014). In contrast, using a mix of
field campaign, satellite, and reanalysis data, Masunaga
and L’Ecuyer (2014) and Maithel and Back (2022) found
variability in vertical MSE advection to play a more equita-
ble, or even dominant role, when compared to horizontal
moisture advection. The individual roles of surface flux
and radiative feedbacks were not clearly distinguished in
these studies.

This study views D-R cycles as arising from two-way
interactions between clouds and their surrounding environ-
ment. The dynamic and thermodynamic states of the atmo-
sphere and upper ocean influence the amount, structure,
and organization of clouds that are favored. Clouds, in turn,
influence the dynamic and thermodynamic evolution of the
atmosphere and upper ocean through their impacts on heat,
moisture, and momentum transport, radiation, and surface
fluxes. Here we focus on the thermodynamic aspects of D-R
cycles, and aim to advance understanding in three key areas:

1) How the amount, structure, and organization of clouds
evolve throughout D-R cycles

2) How the thermodynamic states of the atmosphere and up-
per ocean evolve throughout D-R cycles

3) Which processes drive the thermodynamic evolution of
the atmosphere and upper ocean
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Advancing understanding in these three areas is a requisite
step to guiding coupled model development, improving weather
prediction across a range of time scales, and informing future
climate projections.

Section 2 describes data used in this study. In section 3, a
plume model, which takes advantage of the full vertical struc-
ture of lower-tropospheric moisture and temperature variabi-
lity, is used to identify D-R cycles. The goals of this study
are then addressed sequentially in sections 4-6. In section 4,
satellite-derived precipitation and cloud type datasets are
used to characterize changes in the amount, structure, and
organization of clouds throughout D-R cycles. The thermo-
dynamic evolution of the atmosphere and upper ocean are
examined in section 5, and the processes driving this evolution
are examined using an atmosphere—ocean coupled energy
budget in section 6. In section 7, a preliminary examination of
the Dynamics of the Madden—Julian Oscillation (DYNAMO)
field campaign is used to illustrate and integrate concepts dis-
cussed in previous sections (Yoneyama et al. 2013; Zhang
2013). Discussion is provided in section 8, and summary and
conclusions are provided in section 9. By using an incremen-
tally more sophisticated measure of convective instability to
identify D-R cycles, and by using an atmosphere—ocean
coupled energy budget to examine the processes driving
D-R cycles, this study serves as a natural extension of prior
D-R cycle research.

2. Data

Unless otherwise noted, data are regridded from their na-
tive resolution to a common 2.5° X 2.5° horizontal grid, aver-
aged to daily temporal resolution, and limited to the tropical
Indian and west Pacific Oceans (10°N-10°S, 60°-170°E) for
the time period 2001-15. Previous studies have shown that
while D-R cycles are ubiquitous across the tropics, the pro-
cesses driving these cycles vary geographically (Inoue and
Back 2017; Inoue et al. 2021). The Indian and west Pacific
Oceans are characterized by similar D-R processes and, im-
portantly, offer more extensive in situ observations represen-
tative of oceanic conditions (e.g., field campaign data, small
island sounding records) than other regions of the tropics. As
many of the datasets described below have been documented
extensively elsewhere, here descriptions will be limited to
highlight aspects of the data most relevant to this study, with
pertinent citations provided for the interested reader.

a. ERAS atmosphere and HYCOM ocean reanalyses

European Centre for Medium-Range Weather Forecasts
version 5 reanalysis (ERAS) data including specific humidity,
temperature, geopotential height, zonal winds, shortwave ra-
diative heating, longwave radiative heating, surface sensible
heat flux, and surface latent heat flux are used for the calcula-
tion of the MSE budget and as input to the numerical plume
model (Hersbach et al. 2020). Hybrid Coordinate Ocean
Model (HYCOM) data including ocean temperature and hori-
zontal ocean current are used for the calculation of the ocean
heat content (OHC) budget. While HYCOM reanalysis uses sur-
face forcing fields from the National Centers for Environmental
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Prediction Climate Forecast System Reanalysis, ERAS surface
forcing fluxes are used in both the MSE and OHC budgets for
consistency in the atmosphere—ocean coupled budget. Com-
parisons of HYCOM and ERAS surface forcings indicate that
the primary conclusions of this study are not qualitatively im-
pacted by differences between these products. MSE and OHC
budget terms are calculated using the regridded, daily average
data. MSE vertical advection is calculated as the MSE budget
residual, and the sum of OHC vertical advection, OHC hori-
zontal diffusion, and OHC vertical diffusion are calculated as
the residual of the OHC budget. Section 3 of Wolding and
Maloney (2015) discusses motivations for calculating MSE ver-
tical advection as the MSE budget residual, and explicit calcu-
lation of MSE vertical advection does not qualitatively impact
the primary conclusions of this study.

b. IMERG precipitation and mesoscale convective system
classification

Integrated Multi-satellitE Retrievals for GPM (IMERG)
precipitation V06 (Huffman et al. 2015; Tan et al. 2019),
which spans the entire analysis period, is the primary precipi-
tation dataset used in this study. Additionally, an MCS track-
ing precipitation dataset developed by Feng et al. (2021),
which decomposes IMERG precipitation into contributions
from MCS, non-MCS deep, and nondeep precipitation types
(described below), is used in section 4b. MCS tracking data
are restricted to the time period of 2001-14, excluding years
2003-05, because frequently missing infrared (IR) brightness
temperature (Tb) data during the excluded time period made
MCS tracking in the western Pacific unreliable (Feng et al.
2021).

MCS classification begins by identifying cold cloud systems
(CCSs) using NASA global merged IR V1 Tb data (Janowiak
et al. 2017), whereby cold cloud cores (Tb < 225 K) are itera-
tively grown outwards to reach 241 K, and tracked if the over-
lapping area between two successive hourly Tb observations
exceeds 50%. IMERG precipitation features (PFs) are then
matched to CCSs, and classified as MCS precipitation if the
CCS is sufficiently large (>40000 km?) and long lived (>4 h),
and PF characteristics (e.g., rain rate, rain area, major axis
length) exceed thresholds defined in Feng et al. (2021). Pre-
cipitating CCSs that do not meet the MCS criteria are classi-
fied as non-MCS deep precipitation, and precipitating cloud
systems that do not meet CCS criteria are defined as nondeep
precipitation.

c. CloudSat cloud type data

The CloudSat cloud type database developed by Riley and
Mapes (2009) and Riley et al. (2011) is limited to the years
2006-10, as a 2011 battery failure limited subsequent opera-
tion to daytime overpasses. Echo objects (EOs) are identified
as contiguous regions (>3 pixels) of cloudiness (cloud mask
> 20), and then assigned a cloud type, which is determined by
the EO base altitude, the EO top altitude, as well as the EO
width. Cloud types are delineated using 4.5 and 10 km EO top
thresholds, which separate warm, potentially mixed-phase, and
fully glaciated EO tops (Riley and Mapes 2009). Additional EO
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bottom thresholds of 3 and 7 km are used to delineate geomet-
rically thicker and thinner clouds. Cloud types are cumulus
(CU; top = 4.5 km, width = ~10 km), stratocumulus (SCU;
top = 4.5 km, width > ~10 km), cumulus congestus (CG;
base < 3 km, 4.5 < top = 10 km), altostratus and altocumulus
(ASAC; base = 3 km, 4.5 < top = 10 km), narrow deep precip-
itation (NDP; base < 3 km, top > 10 km, width = ~20 km),
wide deep precipitation (WDP; base < 3 km, top > 10 km,
width > ~200 km), detached anvil (DAN; 3 km = base < 7 km,
top > 10 km) and cirrus (CI; base = 7 km, top > 10 km). Mean
EO latitude and longitude are then used to associate each EO
with corresponding ERAS and IMERG data on the common
2.5° X 2.5° horizontal grid.

d. DYNAMO northern sounding array averaged data

Northern sounding array (NSA) averaged estimates of
specific humidity, temperature, and precipitation from the
DYNAMO field campaign are obtained from the Colorado State
University (CSU) quality-controlled version 3b DYNAMO data-
set, available from 1 October to 31 December 2011 (Johnson
and Ciesielski 2013; Ciesielski et al. 2014a,b; Johnson et al.
2015). In version 3b, observations are supplemented with
ECMWEF operational analysis in data-sparse regions and/or
time periods. As discussed in section 7, the time period follow-
ing the end of the CSU V3 DYNAMO dataset is also of inter-
est. To extend the DYNAMO analysis for the month of
January 2012, ERAS, HYCOM, and IMERG precipitation
data, described in sections 2a and 2b, respectively, are aver-
aged over the NSA. Comparisons of precipitation rate and
(B)pis (described in section 3) calculated from these data and
CSU V3b data result in Pearson’s correlation coefficients of
0.98 and 0.95, respectively, for the time period of 1 October—
31 December 2011. While not examined in this study, we em-
phasize that legacy DYNAMO datasets offer observationally
constrained estimates of atmosphere and ocean energy budget
terms that could support future process-level studies (Johnson
and Ciesielski 2013; Sobel et al. 2014; de Szoeke et al. 2015;
Chen et al. 2016; Johnson and Ciesielski 2017).

3. Using lower-tropospheric vertically integrated buoyancy
to identify convective discharge-recharge cycles

a. Calculation of lower-tropospheric vertically
integrated buoyancy

Observational and modeling studies have shown convective
onset and variability to be closely linked to various measures
of lower-tropospheric convective instability, suggesting that
such measures may prove useful for investigations of D-R
cycles (Kuang 2008; Raymond et al. 2011; Ahmed and Neelin
2018; Adames et al. 2021). In this study, a plume model, which
has been extensively utilized in studies of tropical convection,
is used to calculate lower-tropospheric (1000-600 hPa) verti-
cally integrate buoyancy ((B)) (Holloway and Neelin 2009;
Schiro et al. 2018, 2020; Ahmed and Neelin 2021). One benefit
of limiting (B) computations to below the climatological
freezing level (~575 hPa) is that it circumvents poorly
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(b) DYNAMO NSA - October 01, 2011
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FIG. 1. (a) Deep-inflow B (DIB) convective mass flux (m; black line) and entrainment profiles (dm/dz; blue solid
line), normalized by their maximum respective values. Mixing coefficient (Cy,iy; blue dashed line) for 25 hPa vertical
resolution. (b) DYNAMO V3b NSA average virtual temperature profile from 1 Oct 2011 (solid line) and virtual tem-
perature estimates for nonentraining (dashed line) and DIB entraining (dotted line) plumes. (B)nomix (red shading)
and (B)pp (blue shading) are shown as the vertically integrated difference between their respective plume profiles

and the NSA average environment profile.

constrained assumptions relating to frozen precipitation pro-
cesses (Johnson et al. 1999).

Vertical profiles of large-scale average (2.5° X 2.5°), daily
average ERAS specific humidity and temperature are input
into the plume model, and used as both the initial properties
of the “plume” (i.e., parcel), as well as the “environment”
with which it mixes. Each plume is initiated at 1000 hPa, a
level that broadly corresponds to the subcloud mixed layer,
which observations estimate to be present ~70% of the time
in the tropical Indian and west Pacific Oceans (Johnson et al.
2001; Johnson and Ciesielski 2017). As the plume “rises” (i.e.,
is lifted) above 1000 hPa, it mixes with environmental air
according to the user prescribed entrainment profiles. Two
different entrainment profiles are prescribed to the plume
model: a “deep-inflow B” profile (DIB) where entrainment
occurs over the entire depth of the lower troposphere, and a
profile where no entrainment occurs (NOMIX). Considerable
observational and modeling evidence indicates that lateral in-
flow of environmental air into both isolated and mesoscale or-
ganized convective plumes occurs over a deep layer of the
lower troposphere (i.e., “deep inflow”), though specifics relat-
ing to the vertical structure of inflow rates, and the depen-
dence of inflow rates on the dynamic and thermodynamic
environment (e.g., wind shear, saturation deficit) are not well
constrained (Kingsmill and Houze 1999; Mechem et al. 2002;
McGee and Van den Heever 2014; Schiro et al. 2018; Peters
et al. 2020, 2021; Kuo and Neelin 2022).

DIB entrainment corresponds to a sinusoidal convective
mass flux profile having a peak at 450 hPa (Fig. 1a, black
line), below which zero detrainment is assumed. Entrainment
is therefore proportional to the rate of increase of convective

mass flux with height, such that the mass contribution of envi-
ronmental air entrained into the plume decreases with height
(Fig. 1a, blue solid line), with detrainment occurring above
450 hPa as convective mass flux decreases with height. Com-
putationally, a mixing coefficient C;x (Fig. 1a, blue dashed
line) is calculated at each vertical level k above the launch
level following

_m(k+1) —m(k — 1)

Cons (B = m(k + 1) + m(k — 1)

)

where m is convective mass flux. The coefficient Cp;y, a dis-
cretized version of entrainment whose values are resolution
dependent, is set to zero above the level of peak convective
mass flux (450 hPa). Plume values of a conserved variable r
are then calculated following

Fotume®) = Topume(k = 1) X [1 = C

i) + 7
k),

environment (k)

X C ©)

mix(
where 7pume(1000 hPa) = 7environmend(1000 hPa). Mixing is
local, complete, and instantaneous. Ice-liquid water potential
temperature is conserved during phase change (Bryan and
Fritsch 2004), and liquid water exceeding 1 g kg~ is rained
out.

The plume computation yields a vertical profile of plume
virtual temperature, which can then be used to estimate (B)
following

600hPa
®) = RT,, - T,)dinp. 3
1000hPa
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where T, and T, are the virtual temperature of the plume
and environment, respectively, and R, is the gas constant for
air, as in measures of convective available potential energy
(CAPE) or convective inhibition (CIN) (Zhang 2009). The im-
pacts of entrainment on (B) can then be estimated following

<B>MODENTRAIN = <B>DIB - <B>NOMIX’ (4)

where subscripts DIB and NOMIX indicate computations of
(B) using DIB and NOMIX entrainment profiles, respectively.
An example of the plume model for the DYNAMO NSA
on 1 October 2011 is provided in Fig. 1b. Virtual temperature
profiles averaged over the DYNAMO NSA (solid line), for
the NOMIX plume (dashed line), and for the DIB plume
(dotted line) are shown in black lines. (B)nowmix (red shading)
and (B)pp (blue shading) are shown as the integrated differ-
ence between their respective profiles and the DYNAMO
NSA “environment” profile, and (B)yopeNTRAIN 1S the inte-
grated difference between the DIB (dotted line) and NOMIX
(dashed line) plume virtual temperature profiles.
Characteristic profiles of convective mass flux and associ-
ated entrainment are known to vary geographically and
throughout D-R cycles (Schumacher et al. 2004; Back and
Bretherton 2006; Kumar et al. 2015; Raymond and Fuchs-Stone
2021; Inoue et al. 2021). As (B)pp implements a fixed entrain-
ment profile that is characteristic of deep convection, it should
be viewed as a coarse estimate of the ability of the large-scale
thermodynamic environment to support deep convection. We
emphasize that large-scale average, daily average fields are used
to determine both the initial properties of the plume, as well as
the environment with which it mixes, thereby neglecting vari-
ability on smaller spatiotemporal scales. In reality, the exis-
tence of smaller-scale thermodynamic variability results in
convective-scale (B)pp being distributed about the large-scale
daily average estimate of (B)pig, with few deep convective
elements being supported at very negative values of large-
scale (B)pis, and deep convection becoming more widespread
as large-scale (B)pig approaches positive values. Additional
discussion of smaller-scale variability is provided in section 8.

b. Identification of convective discharge—recharge cycles

Convective D-R cycles can be broadly defined as the cycli-
cal amplification and decay of convection coupled to cyclical
increases and decreases in some relevant measure of convec-
tive instability, which is chosen to be (B)pjp in this study. Sev-
eral approaches have been used to identify and examine D-R
cycles, each having respective strengths and weaknesses, and
providing different perspectives of D-R cycles (see section 8
for further discussion). In this study, D-R cycles are initially
identified by examining the temporal coevolution of precipita-
tion rate and (B)pyp, and then further distinguished through
analysis of thermodynamic tendencies and energy budgets.
This approach is chosen because, among other reasons, it pro-
vides a relatively clear separation between shallow and deep
convective D-R cycles, their respective cloud populations,
and associated processes.

When considered over the Indian and west Pacific Oceans,
the pdf of (B)pip (Fig. 2a, dashed line) has a single mode near
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~—100J kg ', with a relatively long left tail, and a relatively
short right tail. Viewed from a convective quasi-equilibrium
(QE) perspective, the relatively long left tail could be consid-
ered the result of large-scale “forcings” (e.g., surface fluxes,
radiative cooling) slowly driving the atmosphere toward a
“critical point” of convective instability, beyond which in-
creasingly widespread convection rapidly removes convective
instability, resulting in the relatively short right tail (Peters and
Neelin 2006). The joint distribution of precipitation and (B)pp
is similarly characterized by a single mode (Fig. 2b, color
shading), which occurs near ~—100 J kg™ ! and ~10 mm day ..
The mode (i.e., most common state of the system) of various
measures of convective instability has been shown to occur
near the critical point, and could be viewed as arising from
a quasi or statistical balance between the processes impacting
convective instability and convection (Neelin et al. 2008).
While bin-mean IMERG precipitation rate (Fig. 2a, solid line)
increases with increasing (B)pis, the joint distribution (Fig. 2b,
color shading) indicates considerable spread around this
bin-mean relationship, with precipitation rates varying two
to three orders of magnitude for most (B)pp values.

To consider the day-to-day coupled evolution of precipita-
tion rate and (B)pp, data in Fig. 2b are binned along both
axes, and the bin-mean temporal center differences of both
precipitation rate and (B)pg are plotted as vectors, with vec-
tor tails at corresponding bin centers (Inoue and Back 2017;
Wolding et al. 2020a). Note that the log precipitation scale re-
sults in the Y component of vectors becoming emphasized at
low precipitation rates, and deemphasized at higher precipita-
tion rates. Vectors, which represent the mean temporal co-
evolution of precipitation and (B)pig over a 2 day period,
indicate two regions of cyclical behavior, which appear to
overlap near ~—200 J kg™, As the region of clockwise cycli-
cal behavior is characterized by much lower precipitation
rates than the region of counterclockwise cyclical behavior,
these regions will hereafter be referred to as the shallow con-
vective and deep convective D-R cycles, respectively. Further
motivation for this interpretation is provided in section 4.

The two D-R cycles become more evident when the proba-
bilities of increasing (warm colors) or decreasing (cool colors)
precipitation rate (Fig. 3a), (B)pms (Fig. 3b), and CSF (Fig. 3c)
are considered. Bin-mean tendencies (vectors) and probabilities
(color shading) are in general agreement, showing two distinct
regions of increasing precipitation rate and increasing (B)pg
below and above ~—250 and ~—150 J kg ™!, respectively, sepa-
rated by a region of decreasing precipitation rates for (B)pip
values between —250 and —150 J kg~'. Bin-mean probabilities
(Fig. 3, color shading) are typically between 40% and 60%,
indicating that variations in (B)pjp and precipitation rate are
not highly deterministic, and frequently depart from the cycli-
cal trajectories of the bin-mean tendencies (vectors) (Yano
et al. 2020). Residence times within one D-R cycle, before
transitioning between cycles, average 5-30 days (appendix B).
Transitions between D-R cycles are discussed in subsequent
sections.

To facilitate subsequent discussion, Fig. 4 illustrates regions
associated with the shallow convective D-R cycle (S1, S2),
the deep convective D-R cycle (D1, D2, D3), and transitional
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to precipitation rates < 107> mm day ! are not plotted for clarity. Stippling denotes bins containing less than
200 samples, which are not plotted. (B)pp bins are of width 25 J kg™ !, and 28 equally spaced log-precipitation rate
bins spanning 104~10°> mm day ! are used.

regimes (T1, T2), which are distinguished from each other 4. Characterizing the cloud population of convective
by their cloud population, thermodynamic tendencies, discharge-recharge cycles

and/or atmosphere—ocean coupled energy budgets. Subse-
quent sections will show that transitional regimes (T1, T2)

may be preceded by either shallow (S2) or deep convective  girycture, and mesoscale organization of clouds evolve
conditions (D3); therefore, analyses of these transitional throughout D-R cycles. These characteristics are of partic-
regimes must be interpreted with caution, as the cloud ylar interest because of their documented impacts on
populations and associated processes are likely to depend  atmospheric transports of MSE, radiative heating, and
on antecedent conditions (i.e., having transitioned from S2  surface fluxes, which are discussed below and examined in
or D3). section 6.

In this section, satellite-derived cloud type and precipita-
tion type datasets are used to characterize how the amount,
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FIG. 3. As in Fig. 2b, except color shading shows the probability of increasing (a) precipitation rate, (b) (B)ps, and (c) column satura-
tion fraction (CSF). The probability of increasing is calculated as the fraction of samples within each bin having a positive temporal cen-
tered difference.
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D3), and transitional regimes (T1, T2). Boundaries between re-
gions are approximate.

a. CloudSat cloud types

CloudSat’s cloud profiling radar, which is capable of detect-
ing smaller cloud liquid and ice particles than the aforemen-
tioned precipitation radar products, provides a unique and
relatively nuanced assessment of how cloud type and horizon-
tal cloud coverage evolve throughout convective D-R cycles.
In Fig. 5, EOs (see section 2) are conditionally binned using
the “nearest” (in space and time) 2.5° X 2.5° daily average
ERAS (B)pis and IMERG precipitation rate values (X and Y
axes of subplots, respectively), and the composition of EO
cloud types within each bin is shown in color shading.

The deep convective D-R cycle is characterized by the fol-
lowing sequence of changes. Increasing precipitation rates
(Fig. 3a, upward vectors and warm colors) are accompanied
by sequential increases in shallow cumulus, congestus, narrow
deep precipitation, and wide deep precipitation cloud types
(Fig. 5, D1-D3). Increasing (B)pig (Fig. 3b, rightward vectors
and warm colors) is associated with enhanced congestus
(Fig. 5, D2), and increasing CSF (Fig. 3c, warm colors) is as-
sociated with the transition from congestus to narrow deep
precipitation to wide deep precipitation (Fig. 5, D2, D3),
which corresponds to the developing and mature phases of
the MCS life cycle (Houze 2018, Figs. 17-22a,b). Enhanced
wide deep precipitation is uniformly accompanied by de-
creasing (B)pip (Fig. 3b, leftward vectors and cool colors,
D3) and, as the proportion of narrow deep precipitation to
wide deep precipitation decreases, precipitation rate and
CSF begin decreasing (Figs. 3a,c, cool colors), correspond-
ing to the decaying phase of the MCS life cycle (Houze
2018, Figs. 17-22c). Further decreases in precipitation rate
and CSF are then accompanied by a mixture of altostratus/
altocumulus and detached anvil, and a return to cumulus
(Fig. 5, T2, T1, D1). A similar sequential progression is ob-
served when considering the horizontal extent of EO cloudi-
ness (appendix C, Fig. C1), though the relative contributions

WOLDING ET AL. 9

of wider cloud types (e.g., WDP) are enhanced when com-
pared to EO composition (Fig. 5). This progression of cloud
types characterizes a broad range of tropical convective vari-
ability, including the diurnal cycle, convectively coupled equa-
torial waves (CCEWS), and the Madden-Julian oscillation
(e.g., Mapes et al. 2006, Fig. 11; Benedict and Randall 2007,
Fig. 13; Kiladis et al. 2009, Fig. 19).

The shallow convective D-R cycle is characterized by
the following sequence of changes. At precipitation rates
< ~0.1 mm day~!, cumulus make up ~45% of EOs (Fig. 5,
S1). As precipitation rate, (B)pip, and CSF increase (Fig. 3,
upward and rightward vectors, warm colors), cumulus de-
crease and more horizontally expansive stratocumulus in-
crease (Fig. 5, S2). IMERG precipitation, examined in the
next subsection, shows a deepening of convection during this
cumulus to stratocumulus transition (Fig. 6), indicating the
CloudSat stratocumulus clouds identified in this region more
likely correspond to convective elements detraining between
the trade inversion and the freezing level [e.g., cumulus rising
into stratocumulus in decoupled boundary layers (Bretherton
and Wyant 1997; Wood 2012), “gravel” or “flowers” in the
trade winds (Bony et al. 2020a; Schulz et al. 2021)] than to strato-
cumulus topped boundary layers that are commonly observed
near coasts in the subtropics but rarely seen in the study area
(Wood 2012; McCoy et al. 2023). Congestus and altostratus/
altocumulus increase as (B)pis approaches —200 J kg™!
(Fig. 5, T2) and, as precipitation rates begin to decrease, stra-
tocumulus decrease as cumulus once again increase (T1, S1).
Interestingly, while the majority of EOs have tops that do not
exceed 4.5 km, and therefore cannot detrain cloud water at
upper levels, extensive amounts of cirrus with EO tops ex-
ceeding 10 km are present throughout the shallow convective
D-R cycle (Figs. 5 and C1).

b. Mesoscale organization of deep convection

Deep convective clouds in close proximity can aggregate
into MCSs, which induce circulations on scales larger than,
and persist longer than, the individual updrafts and down-
drafts from which they are composed (Moncrieff 2004; Houze
2018). MCSs are of particular interest because of their exten-
sive impacts on MSE transports, radiation, and surface fluxes,
as well as their limited representation in current weather and
climate models. In MCSs, both convective-scale and meso-
scale downdrafts transport low MSE downward from the mid-
troposphere, driving a net export of MSE from the column,
while simultaneously drawing energy from the upper ocean in
the form of enhanced surface fluxes (Zipser 1977; Esbensen
and McPhaden 1996; Tobin et al. 2012). Additionally, the ex-
tensive stratiform anvils (>40000 km?) of MCSs greatly im-
pact both LW and SW radiative heating (Houze 2018).

Figure 6 shows the fractional contributions (color shading)
of nondeep, non-MCS deep, and MCS precipitation types to
the total precipitation rate (Y axis). Nondeep precipitation
is the dominant precipitation type at all precipitation rates
< ~10 mm day ', irrespective of (B)pg values. Non-MCS
deep precipitation, which is often not sufficiently large and/or
long lived enough to be classified as MCS precipitation,
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FIG. 5. As in Fig. 2b, except color shading shows the fraction of total EO in each bin identified as shallow cumulus (CU), stratocumulus
(SCU), cumulus congestus (CG), altostratus and altocumulus (ASAC), narrow deep precipitation (NDP), wide deep precipitation
(WDP), detached anvil (DAN), and cirrus (CI) cloud types. CloudSat EOs spans 2006-10, while vectors are calculated using IMERG pre-
cipitation and ERAS thermodynamic fields from 2001 to 2015, as in Fig. 2b. Stippling denotes bins containing less than 100 samples, which

are not plotted. Color scales do not have equal dynamic ranges.

accounts for approximately one-third of precipitation at rates
between 1 and 10 mm day . MCSs contribute the majority of
precipitation at rates > ~10 mm day ' (D3); thus, large ener-
getic changes are expected under these conditions (Chen et al.
2022). While MCSs appear to play little role in the shallow
convective D-R cycle, changes in the mesoscale organization
of deep convection are a fundamental feature of the deep
convective D-R cycle.

5. Thermodynamic evolution of atmosphere and
upper ocean

This section examines how thermodynamic changes in the
atmosphere and upper ocean manifest as cyclical increases
and decreases in (B)pg, which are coupled to the cyclical am-
plification and decay of convection throughout D-R cycles.
Figure 7 shows the bin-mean tendencies (color shading) of
MSE, SST, and OHC integrated over different layers of the
atmosphere and upper ocean. Note that color scales have

been adjusted to account for the relative mass of each layer
considered, so that similar colors represent similar tendencies
of MSE or OHC within each layer of the atmosphere and
ocean, respectively. Dry static energy tendencies (not shown)
are small relative to MSE tendencies, which are dominated by
moisture tendencies at all levels including the subcloud layer
(950-1000 hPa).

First note that SST tendencies approaching +0.1 K day ™!
are evident, with SST warming during periods characterized
by more cumulus and congestus cloud types (Fig. 5, S1,
T1, D1), and SST cooling during periods of enhanced
MCS activity (Fig. 6, D3). SST tendencies approaching
+0.1 K day ™! are notable, given the 2.5° X 2.5° scales being
considered. The pattern of SST tendencies is closely
matched by that of OHC tendencies, which are largely con-
centrated in the upper 50 m, and considerably larger in
magnitude than MSE tendencies.

The deep convective D-R cycle can be characterized as fol-
lows. Enhanced cumulus cloudiness (Fig. 5, D1) is associated
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FIG. 6. As in Fig. 2b, except color shading shows MCS tracking estimates of the contribution of nondeep, non-MCS deep, and MCS pre-
cipitation types to total IMERG precipitation rate (Y axis). MCS tracking data are restricted to the time period of 2001-14, excluding
years 2003-05, while vectors are calculated using IMERG precipitation and ERAS thermodynamic fields from 2001 to 2015, as in Fig. 2b.

All color scales have an equal dynamic range.

with warming SST and OHC, moistening of the boundary
layer (1000-800 hPa), especially the subcloud layer, and dry-
ing of the lower and upper free troposphere (800-600 and
600-100 hPa, respectively). The transition from enhanced cu-
mulus to congestus to narrow deep precipitation cloudiness
(Fig. 5, D2) is associated with transitions from boundary layer
moistening to drying, upper free troposphere drying to moist-
ening, and OHC warming to cooling. Enhanced MCS activity
(Fig. 6, D3) is associated with cooling SST and OHC, drying
of the boundary layer, and moistening of the upper free
troposphere. As MCS precipitation decreases, a mixed transi-
tional cloud regime (Fig. 5, T2) is associated with a moistening
boundary layer and drying upper free troposphere. Thermo-
dynamic tendencies in T2 are likely to depend on antecedent
conditions (i.e., transitions from S2 or D3), and must there-
fore be interpreted with caution.

The shallow convective D-R cycle can be characterized as
follows. Enhanced cumulus (Fig. 5, S1) is associated with
weakly warming or neutral SST and OHC, and drying of both
the subcloud layer and lower free troposphere. As precipita-
tion rates increase and stratocumulus clouds become enhanced
(Fig. 5, S2), considerable moistening of the 950-800 hPa layer
and lower free troposphere is evident, suggesting that
the cumulus to stratocumulus transition is ventilating the
subcloud layer. Interestingly, as (B)pg increases into the
mixed transitional cloud regime (T2), bin-mean precipita-
tion rates decrease (downward vectors), the lower free tro-
posphere transitions from moistening to drying, and the
subcloud layer begins to moisten again. This is examined
further below.

Figure 8 shows how the aforementioned thermodynamic
tendencies impact (B)pip and its constituent components.
Variations in both (B)nomix and (B)mopenTraIN Make im-
portant contributions to variations in (B)pig. With the excep-
tion of conditions associated with enhanced MCS activity
(Fig. 6, D3), the pattern of (B)nomix tendencies (Fig. 8)
closely matches the pattern of subcloud-layer MSE tendencies
(Fig. 7), indicating that (B)nowmix Vvariations are primarily

driven by subcloud-layer moisture variations, and that day-to-
day variations in lower-tropospheric static stability play little
role in controlling day-to-day variations in (B)nomrx during
non-MCS conditions. The pattern of (B)mopentraIN (Fig. 8)
reflects moisture variability in both the boundary layer and
lower free troposphere (Fig. 7).

Enhanced cumulus in the shallow D-R cycle (S1) is associ-
ated with higher 800-600 hPa static stability (not shown) than
enhanced cumulus in the deep D-R cycle (D1). Under these
highly stable conditions (S1), bin-mean (B)nomix i near zero
(appendix D, Fig. D1), indicating that even undiluted convec-
tive plumes would lack sufficient buoyancy to penetrate the
freezing level. While the cumulus to stratocumulus transition
moistens the 950-800 hPa layer and lower free troposphere
(Fig. 7, S1, S2), drying of the subcloud layer drives further
decreases in (B)nomrx (Fig. 8, S1, S2). This drying of the
subcloud layer and further decrease in (B)nomix may ulti-
mately limit precipitation rates in the shallow D-R cycle,
despite moistening (i.e., preconditioning) of the lower free
troposphere by the cumulus to stratocumulus transition
(S1to S2).

In summary, moisture variability within the subcloud layer,
overlying portions of the boundary layer, and the lower free tro-
posphere all play important roles in determining day-to-day var-
iations of (B)pp. Day-to-day variations in lower-tropospheric
static stability play little role in controlling day-to-day variations
in (B)pg during non-MCS conditions. The following section
will examine the processes driving variations in moisture and
(B)piIB-

6. Atmosphere—ocean coupled energy budgets of
convective discharge-recharge cycles

a. Motivation and formulation

In the previous section, cyclical increases and decreases in
(B)p1g were shown to result primarily from moisture variabil-
ity in the boundary layer and lower free troposphere. To
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FIG. 7. As in Fig. 2b, except color shading shows bin-mean tendencies of moist static energy (MSE), SST, and
ocean heat content (OHC) integrated over different layers of the atmosphere and upper ocean.
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examine the processes driving this moisture variability, first
consider the column integrated MSE budget. Assuming tropi-
cal WTG balance allows moisture variability to be related to
MSE variability, and the processes (including diabatic) driv-
ing this variability (Sobel et al. 2001; Raymond 2001; Maloney
2009; Chikira 2014; Inoue et al. 2020; Adames and Maloney
2021), such that

L <‘E> ~ <‘ﬁ> = —(V-Vh) - <m‘ﬁ> + E+H
v\ ot at ap ——

Surface Fluxes

Atmospheric Transport

+ (09, .
—_——
Radiation

®)

where L, is the latent heat of vaporization, 4 is MSE, V and
are the horizontal and vertical winds, E is evaporation, H is
surface sensible heat flux, O, is radiative heating, overbars
represent large-scale averages, and angle brackets represent
vertical integrals from the surface to 100 hPa. Underbraces
indicate the terms hereafter referred to as transport, surface
fluxes, and radiation, respectively, and unresolved horizontal
eddy transports have been neglected. The mean and seasonal
cycle (first three harmonics) have been removed from these
and all subsequent budget terms, which therefore represent
variations from the slowly varying background state. The radi-
ation term can be further expanded as

(Q,) = LW jytace = LWliggpp, + SW ~ SWliponpa>  (6)

surface

where LW and SW are the net longwave and shortwave com-
ponents, respectively, defined positive upward.

Initial examination of the MSE budget (Fig. 9) shows that
surface fluxes (dominated by E) are playing a first-order role
in both D-R cycles, indicating that the ocean is acting as an
important anomalous source/sink of MSE, and should there-
fore be examined. As OHC variability is concentrated in the
0-50 m depth (Fig. 7), an OHC budget for this layer is exam-
ined. Similar to the atmospheric MSE budget, the 0-50 m
OHC tendency results from transport, surface flux, and radia-
tion processes, as given by

dOHC
ot

Oceanic Transport

e — dOHC A_90OHC
= —(V-VOHC) - <w > - A,V’OHC — =
D oz
= LvE - H- LW'surface B SWsurface + Sva ’ (7)
Surface Fluxes Radiation

where V and w are the horizontal and vertical currents, A,
and A, are the horizontal and vertical eddy diffusivities, and
D is the 50 m depth. The third and fourth transport terms are
horizontal and vertical diffusion of OHC, respectively, and
the final radiation term is penetrative shortwave, which is neg-
ligible at 50 m with respect to these budgets. The OHC budget
terms are shown in Fig. 9 and discussed below.

The MSE and upper OHC budgets share units (W m™2),
surface flux terms, and surface radiation terms, and can there-
fore be combined to form an atmosphere—ocean coupled en-
ergy budget (Fig. 9) (Rydbeck et al. 2023), given by

(5

Atmospheric Transport

= —(V-Vh) - <m%>

Oceanic Transport

— (V-VOHC) — <waOHC

A,9OHC

D oz

®)

> - A,V’OHC —

= LWllOOhPa B Sw'lOOhPa + SW'D’

Radiation

where ¢ = h + OHC is what we refer to here as the atmosphere—
ocean coupled static energy (CSE). As radiative, sensible,
and latent heat fluxes between the ocean and atmosphere
do not impact CSE, changes in CSE result exclusively from
energy transports by atmospheric and oceanic motions,

Unauthenticated | Downloaded 01/01/24 11:19 PM UTC



14 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 81

MSE Budget OHC Budget MSE + OHC Budget

—
Q
—
—
()
—
—
-

Precipitation Rate [mm day '] w=s

P

i

10-1
1071
m-‘

PZr L A‘““:;
7{’(4( SN

-600 -500 -400 -300 -200 -100

(B)pg U Ko™l

-50 -40 -30 -20 -10 0 10 20 30 40 50
W m~?]

,4”‘

P51 e

. ,, ;
Tit i ” “”
ff Y\

—600 —500 —400 —300 —an -100 —-600 -500 -400 -300 -200 -100

(B)Dln 0 Kg™

-50 -40 -30 -20 -10 0 10 20 30 40 50 (f
W m—2]

LAl e AR 2 ‘

E ..... .:.:::._””,.... EZZ_:_,::YYAJ", 4’{'

53_ ‘. SSEYETAA ‘“u E"g-, R S Ay 4 g g Ay vy

gl T N:u‘: 44u PR "/"““:“H Wi Ada
Tendency fg-:"/i x// - | 2ar . AL, H - =g t

2 S

s 3

S 3

o o

°

0

(B)pig U Ko™

o SEES |
-50 -40 -30 -20 -10 0 10 20 30 40 50

—
(=2
~—

—

(i

102
10?
10?

10*
10
10!

p *“” A
- —K/—V%s\x ‘*'
A x///

it L

Transport

10°

10
101

Precipitation Rate [mm day '] ems
m-l

Precipitation Rate [mm day~!]
10°

-

:
>
]

°
£
£
£
9
]
gy
<
2
®
£

2
v
g

o

b

-600 -500 -400 -300 -200 -100 -600 -500 -400 -300 -200 -100 -600 -500 -400 -300 -200 -100
(B)pig U Ko™ (B)pig U K91 (B)pip U Ke™'1
(c) -50 -40 -30 -20 -10 O 10 20 30 40 50 (g) -50 -40 -30 -20 -1[(‘)”’ :‘—ZJio 20 30 40 50 (k) -50 -40 -30 -20 -t%v :"_2110 20 30 40 50
B T =y — o — e
b e e e 5 5 o
- 3 P . g o
Bk . ... e Eor e Exk a A
E-~ oo “HH' E- AKH ) i 7 E- ARTAZ2S
8| —‘/,v,‘v;_‘* {' AIAA ] . _‘/.g‘v;_\\ ¥*' AIAA 8| —‘/’%“\ “' AIAA
2er . A x/lt. ‘ cor | A A4, esr . A x//l
3 ‘ {
— L e el
&y 7 .g/ /‘uf{ g/./‘n U
S \' { i \' f i Y
I f A \ 8 tiix \ 8 f v\
a. -600 -500 -400 -300 -200 —100 ('] B —600 -500 -400 -300 -200 -100 B —600 -500 —400 —300 —200 —100 0
(B)pyg U Ko™ (B)prg U Ke™ (B)pig U Kg™]
(d) -50 -40 -3‘0 -20 -10 0 10 20 30 40 50 (h) -50 -40 -30 -20 -10 O 10 20 30 40 50 -50 -40 -30 -20 -10 O 10 20 30 40 50
[Wm2] W m~] [Wm2]
.T'_‘ ................. = ..."‘"3 " ="
RSN Or . Y
£ :::._"”,,..‘. £ L
ER[ gy ERT : TR A
Surface ** ,mw*w a5 M‘\\*‘t,
gL g ,
Fluxes ¢: /f«-w i EE 7 rmw i
Fluxes ¢ l i u
k-4 S 4
£ 5 \,\
g g
a -600 -500 -400 -300 -200 -100 L -600 -500 —-400 -300 -200 -100

(B)pig U Ke™

-50 -40 -30 -20 -10 0 10 20 30 40 50
W m~2]

(B)pig U Ke™

-50 -40 -30 -20 -10 0 10 20 30 40 50

W m™]

FIG. 9. As in Fig. 2b, except color shading shows MSE, 0-50 m OHC, and combined MSE-OHC budget terms described in Egs. (5), (7),
and (8), respectively.

net radiative fluxes at 100 hPa, and penetrative SW at 50 m, small net MSE tendencies (Fig. 9a). This is likely a result of
which again is negligible. With a suitable budget framework in ~ WTG balance, which intimately links diabatic processes occur-
place, the processes driving D-R cycles can now be examined. ring in the atmosphere to atmospheric motions and attendant
energy transports (Schumacher et al. 2004; Back and Bretherton
2009; Chikira 2014; Inoue et al. 2020). Atmospheric radiative

Before examining each D-R cycle in detail, a general exam-  feedbacks (Fig. 9¢c), which are dominated by the LW compo-
ination of the atmosphere-ocean coupled energy budget is nent, are almost completely offset by upper ocean radiative
warranted. Processes impacting MSE (Figs. 9b-d) are compara-  feedbacks (Fig. 9g), which are dominated by the SW compo-
ble in magnitude to those impacting OHC (Figs. 9f-h), but the  nent, resulting in near zero net radiative tendencies (Hartmann
former are considerably more balanced, resulting in relatively et al. 2001). Increases and decreases in atmosphere—ocean CSE

b. General examination
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FIG. 10. As in Fig. 9, except color shading shows ERAS5 MSE advective terms, the sum of vertical advection and radiation terms, and the
column process. The column process is the sum of vertical MSE advection, radiation terms, and surface flux terms.

(Fig. 9i) are largely the result of atmospheric and oceanic
transports processes (Figs. 9b,], the latter typically associated
with slower adjustment time scales and longer memory), but
primarily realized as changes in OHC (Figs. 9e,i). CSE gener-
ally increases when P < 1 mm day ™!, and decreases when
P> 1mm day ™! (Fig. 9i).

c. Energy budget of deep convective D—R cycle

The deep convective D-R cycle can be characterized as
follows. Enhanced cumulus cloudiness (Fig. 5, D1) is associ-
ated with MSE import by atmospheric transport processes
(Fig. 9b), which results from both horizontal and vertical ad-
vection (Fig. 10), and is realized as a moistening of the bound-
ary layer (Fig. 7). MSE import by atmospheric transport
processes is opposed by enhanced LW radiative cooling
(Fig. 9¢) and reduced surface fluxes (Fig. 9d), resulting
in a negative MSE tendency (Fig. 9a) and decreasing CSF
(Fig. 3¢), which is concentrated in the lower free troposphere
(Fig. 7). Despite free tropospheric drying, bin-mean precipita-
tion rates are increasing (upward vectors), indicating that in-
creasing boundary layer MSE (Fig. 7) is providing sufficient
(B)nomix (Fig. 8) to support the deepening of convection
(Fig. 5, CG). Oceanic transport processes (Fig. 9f, D1), in-
creased SW radiative heating (Fig. 9g), and reduced ocean-to-
atmosphere surface fluxes (Fig. 9h, warm colors) all contribute
to increasing OHC under these conditions (Fig. 9¢), which ex-
ceeds the negative MSE tendency, resulting in a strong net posi-
tive CSE tendency (Fig. 9i).

The transition from enhanced cumulus to congestus to nar-
row deep precipitation cloudiness (Fig. 5, D2) is associated
with sign changes in most of the MSE and OHC budget terms.
As precipitation rates increase beyond 10 mm day™' and
MCS activity becomes widespread (Fig. 6, D3), atmospheric
transports begin rapidly exporting MSE (Fig. 9b), with large-
scale vertical advection (Fig. 10) drying the boundary layer
(Fig. 7). This MSE export is countered by positive radiative
feedbacks (Fig. 9c, reduced LW cooling) and enhanced sur-
face fluxes (Fig. 9d) to such a degree that the overall MSE
tendency (Fig. 9a) remains near zero or slightly positive.
When considered from the perspective of the atmosphere
alone, this near zero MSE tendency gives the perception that
widespread MCS activity is associated with approximate en-
ergy balance. Yet OHC is rapidly decreasing (Fig. 9¢) under
these conditions, a result of greatly reduced incoming SW ra-
diation (Fig. 9¢) and enhanced conversion of OHC to MSE
via enhanced ocean-to-atmosphere surface fluxes (Fig. 9h).
When the atmosphere and ocean are considered together
(Fig. 91), a strong net negative CSE tendency results. As MCS
precipitation decreases, the mixed transitional cloud regime
(Fig. 5, T2) is associated with sign changes in most of the
MSE and OHC budget terms, though again this regime must
be interpreted with caution.

d. Energy budget of shallow convective D-R cycle

Throughout shallow convective D-R cycles, oceanic trans-
port processes (Fig. 9f, S1, S2, T2, T1) and increased SW
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radiative heating (Fig. 9g) are acting to increase OHC, which
is converted to MSE and transferred to the atmosphere via
enhanced surface fluxes (Fig. 9h), especially during the cumu-
lus to stratocumulus transition (Fig. 5, S1, S2). When the atmo-
sphere and ocean are considered together (Fig. 9i), CSE is
steadily increasing throughout shallow convective D-R cycles.

During periods characterized by a mix of cumulus and cir-
rus cloud types (Fig. 5, S1), considerably enhanced surface
fluxes (Fig. 9d) are opposed by enhanced LW cooling (Fig. 9¢)
and MSE export by atmospheric transports (Fig. 9b), resulting
in near zero tendencies of MSE (Fig. 9a). As both (B)p and
precipitation increase, and stratocumulus and congestus clouds
become more prevalent (Figs. 5 and C1, S2), surface fluxes re-
main enhanced (Fig. 9d), but MSE transports (Fig. 9b) and ra-
diative feedbacks (Fig. 9c) become less negative, resulting in a
net positive MSE tendency (Fig. 9a). Examination of Fig. 10,
which shows the “column process” terms (i.e., net effect of
vertical advection, radiation, and surface fluxes; Chikira 2014),
indicates that, in the absence of anomalous horizontal advec-
tive MSE export, convection may self-amplify by driving
increases in MSE. The column process terms appear to en-
courage the transition from the shallow convective D-R cycle
to the deep convective D-R cycle (S2 to T2 to D2). At precipi-
tation rates between 1 and 10 mm day ', when non-MCS
deep precipitation is more prevalent (Fig. 6), the net effect of
vertical MSE advection and radiation is to drive a moderate
increase in MSE (Fig. 10). This again suggests that, in the ab-
sence of anomalous horizontal drying, convection may self-
amplify and transition from the shallow to deep convective
D-R cycle. Under these conditions, MSE export by horizontal
advection is the primary processes restraining convection from
self-amplifying (Fig. 10).

7. Preliminary examination of DYNAMO field campaign

This section provides a preliminary examination of the
DYNAMO field campaign, using this case study to illustrate
results of previous sections, frame concepts discussed in
section 8, and highlight their potential relevance to CCEWs
and the MJO (Johnson and Ciesielski 2013; Chen et al. 2015;
Johnson and Ciesielski 2017; Zhang and Yoneyama 2017).
The DYNAMO field campaign’s NSA experienced three con-
secutive periods of enhanced convection (Fig. 11), each pre-
ceded by a period of suppressed convection. Following the
end of period 3, which coincides with the end of the CSU V3
DYNAMO dataset, a fourth period of suppressed convection
persisted throughout January 2012.

Considerable day-to-day variability in precipitation oc-
curred within the first three periods. While NSA daily aver-
aged (B)pis remained above —200 J kg™ ! throughout the
majority of the first three periods, a dramatic decrease in both
(B)pis and precipitation rate occurred near the end of the
third period. Satellite imagery indicates that widespread deep
convective activity was occurring over the NSA on 21 Decem-
ber, the day of maximum period 3 precipitation. Following
this widespread deep convective activity, (B)pp and precipi-
tation continuously decreased until 28 December (purple
square), when cloudiness over the NSA was characterized by
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a mix of shallow cumulus and upper-level cirrus. On 31
December (purple triangle), the final day of the CSU V3
DYNAMO dataset, precipitation and (B)pis had increased
from previous days, and more expansive shallow cumulus fea-
tures are visible over the NSA. This progression of cloud types
is consistent with the analysis presented in section 4. Following
the dramatic “discharge” of (B)pjg at the end of December
2011, (B)pis remained below —200 J kg~! and precipitation
remained suppressed throughout all of January 2012.

NSA mean MSE was anomalously high (Fig. 12, red line)
during periods of enhanced precipitation (Fig. 12, black line),
and neutral or anomalously low during periods of suppressed
precipitation, varying by approximately +0.25 X 10% J m™2
(Sobel et al. 2014; Ruppert and Johnson 2015). NSA mean
0-50 m OHC (Fig. 12, blue line) was anomalously high prior
to each of the three periods of enhanced precipitation, and
decreased rapidly during, and immediately following, each pe-
riod of enhanced precipitation. These decreases in OHC were
~1-1.5 X 10® J m™2, several times larger than variations in
NSA MSE, consistent with the analysis presented in section 6.
Following each period of enhanced precipitation, OHC rap-
idly recovered during periods of suppressed precipitation.
While OHC completely recovered following period 1, OHC
only partially recovered following periods 2 and 3, decreasing
by ~2 X 10% J m ™~ between mid-November and late December.
0-50 m OHC, which was anomalous high throughout nearly
all of the three successive periods of enhanced convection,
was anomalously low by the end of period 3, coincident with
the onset of persistent suppressed convective conditions.
While both MSE and OHC partially recovered following
the third period of enhanced precipitation, OHC remained
near neutral throughout January, while MSE remained
anomalously low.

8. Discussion
a. Balance, imbalance, and discharge—recharge cycles

Results of the atmosphere-ocean coupled energy budget
(Fig. 9) are largely consistent with previous multiple-equilibria
studies of tropical convection (Sobel et al. 2007; Raymond et al.
2009; Sessions et al. 2010), but emphasize the central role that
the upper ocean plays in determining viable states of balance.
While MSE balance occurs under a variety of conditions in
both the shallow and deep convective D-R cycles, many of
these conditions are characterized by rapidly changing upper
OHC and CSE imbalance (Fig. 9), highlighting that MSE bal-
ance does not necessarily imply conditions of equilibrium, sta-
sis, or sustainability (appendix A). The multiple equilibria
model described by Raymond et al. (2009), and derived in
appendix A, assumes that feedbacks arising from perturba-
tions in transport processes, surface fluxes, and radiation can
be neglected when determining the evolution of convection
when not in an equilibrium state. Findings of this study suggest
that each of these feedbacks play important roles in driving
the cyclical amplification and decay of convection in D-R
cycles, and may play important roles in driving transitions be-
tween shallow and deep convective D-R cycles.
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In the absence of anomalous horizontal advective drying,
positive column process feedbacks occurring during cumulus—
stratocumulus—congestus deepening may drive transitions
from the shallow to deep convective D-R cycles (Fig. 9, S1 to
S2 to T2 to D2) (Yano and Plant 2012b; Inoue et al. 2021).
The mature and decaying phases of MCSs drive considerable
“discharge” of upper OHC and (B)pg, suggesting that MCSs
can, at times, contribute to transitions from the deep to shal-
low convective D-R cycle (Figs. 9 and 3, respectively, D3 to
T2 to T1 to S1). The large amount of upper-level cirrus clouds
observed during the shallow convective D-R cycle, which is
otherwise characterized predominantly by shallow cumulus
and stratocumulus cloud types that do not extend above the

freezing level, also suggests that these suppressed convective
conditions are frequently preceded by widespread deep con-
vection. The deep to shallow convective D-R cycle transition
near the end of period 3 of the DYNAMO case study pro-
vides anecdotal support for this supposition, which is further
supported by supplemental analysis in appendix B. The dis-
charge of OHC that occurs during the deep-to-shallow D-R
transition, followed by the slow warming of the upper ocean
and enhanced surface fluxes occurring during the cyclical tran-
sitions between cumulus and stratocumulus (S1, S2), is remi-
niscent of the conditions associated with warming—deepening
decoupling of cloud-topped boundary layers (Bretherton and
Wyant 1997; Wood and Bretherton 2004). Recall that the
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FIG. 12. DYNAMO NSA average daily mean precipitation
(black line), ERAS MSE anomaly (red line), and 0-50 m HYCOM
OHC anomaly (blue line) for 1 Oct 2011-31 Jan 2012. MSE and
OHC anomalies are calculated as described in section 2a.

evolution of (B)pig and precipitation often departs from the
conditional-mean trajectories discussed in previous sections
(Fig. 3), highlighting the considerable role that processes such
as tropical-extratropical interactions and equatorial wave dy-
namics in the atmosphere and ocean may play in driving tran-
sitions between the shallow and deep convective D-R cycles.

The near perfect asymmetry between atmospheric LW and
oceanic SW radiative feedbacks indicates that their net effect
is to change the composition of atmosphere-ocean CSE (i.e.,
MSE versus OHC) without changing the total quantity of
CSE, similar to surface flux feedbacks (Hartmann et al. 2001;
Tobin et al. 2012). While reduced LW radiative cooling of the
atmosphere provides an important positive feedback to deep
convection, the associated reduction of SW absorption by
the upper ocean and cooling of SST/OHC may limit the dura-
tion for which enhanced ocean-to-atmosphere surface fluxes
can be sustained, providing a negative, though likely delayed,
feedback to deep convection. OHC may therefore limit the
ability of radiative and surface flux feedbacks to support
extended or successive periods of enhanced convection.
The DYNAMO case study further indicates that (B)pg and
0-50 m OHC anomalies, when considered together, may prove
useful in understanding and predicting successive versus termi-
nating MJO events (Matthews 2008; Straub 2013; Maloney and
Wolding 2015; Stachnik et al. 2015; Chrisler and Stachnik
2021).

MCSs appear to be unique in their ability to rapidly dis-
charge upper OHC (Fig. 9¢, D3), which is recharged when the
clouds ensemble is composed mainly of cumulus, stratocumu-
lus, and congestus cloud types (Fig. 5), and precipitation is
“nondeep” (Fig. 6). Under suppressed convective conditions
(P < 1 mm day '), recharge of OHC is much slower in the
shallow convective D-R cycle than in the deep convective D-R
cycle, largely as a result of enhanced surface flux feedbacks in
the former (Fig. 9, S1 and D1, respectively). The presence of
widespread cirrus clouds during relatively stable conditions
(Fig. 5, S1) reducing shortwave radiative heating of the upper
ocean (Fig. 9¢, S1) may also be contributing to these differences.
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b. Organizational feedbacks and discharge—recharge
cycles

When considering day-to-day variations on horizontal
scales of ~250 km X 250 km, conditionally averaged precipi-
tation rate is a rapidly increasing function of (B)pg (Fig. 2a),
indicating that (B)pyp is a “relevant” measure of large-scale
average convective instability. Yet there is considerable vari-
ability about this conditional mean relationship, with precipi-
tation rates varying by roughly two orders of magnitude
for any fixed value of (B)pip (Fig. 2b). Such variability in the
(B)pis—precipitation relationship may result from (B)ps be-
ing an imperfect or incomplete measure of large-scale average
convective instability. While this is undoubtedly true, many
studies argue that no measure of large-scale average convec-
tive instability can reflect the capacity of the atmosphere to
support convective activity without accounting for organiza-
tional feedbacks (Donner 1993; Kingsmill and Houze 1999;
Park 2014; Mapes and Neale 2011; Moncrieff et al. 2017,
Bengtsson et al. 2021; Shamekh et al. 2023).

In this study, “organizational feedbacks” refer specifically
to “structures, relationships, and processes with functional
roles (i.e., systematic or net impacts on larger scales)” occur-
ring on the mesoscale or smaller, which can be understood as
“non-randomness in meteorological fields in convecting re-
gions” (Mapes and Neale 2011; Moncrieff 2004). Organiza-
tional feedbacks are conspicuous in real-world convection,
and a recent observational study by Bony et al. (2020b) found
deep convection to be “highly clustered” and nonrandomly
distributed across the tropics (Mapes 1993; Kingsmill and
Houze 1999; Houze 2004). To illustrate how numerous and
varied organizational feedbacks are, consider the following
observationally based examples. Convective downdrafts reduce
large-scale mean boundary layer moist enthalpy, but provide
the “triggering energy” (e.g., gust fronts) needed for adjacent air
with relatively high moist enthalpy to rise and overcome CIN
(Mapes 2000). Convection organized along outflow boundaries
may rise through an environment “preconditioned” by moisture
detrained from antecedent convection, promoting its further de-
velopment and deepening. Deep convective clouds in close prox-
imity can aggregate into MCSs, which induce circulations on
scales larger than those of the individual up- and downdrafts
(Moncrieff 2004; Houze 2018). Gravity waves propagating away
from MCSs induce low-level convergence in regions adjacent to
the MCS, making those regions more favorable for subsequent
convection, and further contributing to the “gregariousness”
of tropical convection (Mapes 1993).

Mapes and Neale (2011) suggested that “since buoyant as-
cent involves natural selection, subgrid structure makes con-
vection systematically deeper and stronger than the pure
unorganized case: plumes of average (or randomly sampled)
air rising in the average environment.” Angulo-Umana and
Kim (2023) provided observational evidence of precipitation
enhancement due to mesoscale convective clustering (PEMC),
showing that for scenes with the same CSF and convective area
fraction, strongly clustered oceanic convection precipitated
more intensely than weakly clustered convection. Using global
storm-resolving simulations, Shamekh et al. (2023) showed that
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while a neural network trained on large-scale average thermo-
dynamic quantities greatly underestimated predicted precipita-
tion variability and extremes, a similar neural network that
included a measure of smaller-scale organization correctly pre-
dicted these quantities.

The deep convective D-R cycle is characterized by consid-
erable changes in mesoscale convective organization and, for
any fixed value of (B)pjp within this D-R cycle, higher precip-
itation rates are associated with more organized deep convec-
tion, while lower precipitation rates are associated with less
organized deep convection (Fig. 6). This suggests that organi-
zational feedbacks such as PEMC are allowing highly orga-
nized deep convection to flourish in large-scale average
thermodynamic environments that would otherwise be unfa-
vorable for less organized convection. The counterclockwise
coevolution of (B)pg and precipitation rate (Fig. 6, vectors)
indicates that organizational feedbacks are helping sustain
MCS activity while (B)pg and CSE (Figs. 3b and 9i, respec-
tively) are discharged below levels required to support less or-
ganized convection, effectively “overspending” convective
instability. Once (B)pip and CSE are discharged to levels
where not even highly organized convection can be sup-
ported, convection decays (downward vectors) and remains
relatively quiescent while (B)nomrx and CSE are recharged
(Figs. 8 and 9i, respectively, warm colors) to the higher levels
required for less organized convection to reinitiate, amplify
(upward vectors), and reorganize upscale. This organization-
ally driven discharge-recharge deficit may be approximated
as the difference between the “critical point” of organized
and disorganized convection, (B)pigerit.ore — (B)DIBerit.disorg
(Peters and Neelin 2006; Neelin et al. 2009; Ahmed et al.
2020). Mesoscale convective organization is poorly repre-
sented in many current weather and climate models. In the
absence of an organizationally driven discharge-recharge defi-
cit of large-scale convective instability, convection could be
more easily maintained near a state of quasi equilibrium, con-
tributing to both a lack of convective variability and too fre-
quent light to moderate precipitation, as has been documented
in many models (Stephens et al. 2010).

Predominantly shallow cloud populations producing less
than 1 mm day ' are associated with dramatically different
subcloud-layer MSE tendencies (Fig. 7), MSE transports, ra-
diative feedbacks, and surface flux feedbacks (Figs. 9b—d), de-
pending on if those cloud populations are occurring in
relatively stable or unstable environments (S1 and D1, respec-
tively). Lower-tropospheric static stability, which is greater in
S1 than D1, is a known large-scale control of shallow convec-
tion organization (e.g., Bony et al. 2020a). Additional charac-
terization of organizational changes in the shallow cloud
population is a focus of ongoing work.

c. Framework for identification and examination of
D-R cycles

Several approaches have been used to identify and examine
D-R cycles, including gross moist stability (GMS) plane anal-
ysis (Inoue and Back 2017; Inoue et al. 2021; Maithel and
Back 2022), examination of the temporal coevolution of
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precipitation and various measures of the thermodynamic en-
vironment (Wolding et al. 2020a; Yano et al. 2020; Chen et al.
2022), and assessments of the evolution of vertical moisture
and/or temperature stratification (Igel 2017; Wolding et al.
2022), among others (Masunaga and L’Ecuyer 2014; Hannah
et al. 2016). Each approach has respective advantages and dis-
advantages, and provides a different perspective of D-R
cycles. For example, GMS plane analysis clearly distinguishes
amplifying and decaying convective conditions, but requires
knowledge of dynamic and thermodynamic fields where only
limited or poorly resolved direct observations are available
(e.g., large-scale vertical velocity, vertical MSE gradient)
(Inoue and Back 2017; Inoue et al. 2021; Maithel and Back
2022). Examination of the temporal coevolution of precipita-
tion and CSF leverages more directly observed fields, but ne-
glects variability in the vertical structure of both moisture and
temperature, which have been shown to substantially influ-
ence convective variability (Raymond et al. 2003; Khouider
and Majda 2006; Holloway and Neelin 2009; Tulich and
Mapes 2010; Kuang 2010; Sahany et al. 2012; Powell 2019;
Fuchs-Stone et al. 2020; Wolding et al. 2020b; Raymond and
Fuchs-Stone 2021). Consideration of the vertical structure of
thermodynamic variability may provide a more sophisticated
assessment of convective instability, if well observed. Unfor-
tunately, infrared and microwave sounders, which together
help constrain column moisture variability at large scales,
have coarse vertical resolution, allowing analysis systems to
make compensating errors in the vertical structure of humid-
ity that approximately preserve column integrated water va-
por, and leaving the boundary layer particularly susceptible to
systematic errors arising from parameterized processes (Poli
et al. 2010; Xie et al. 2012; Pincus et al. 2017; Ho et al. 2020;
Ren et al. 2021; Wolding et al. 2022; Senti¢ et al. 2022; Serra
et al. 2023). Each of these approaches have numerous other
strengths and weaknesses not mentioned here.

This study attempts to use a “best of both worlds” approach
to examining convective D-R cycles, considering the vertical
structure of thermodynamic variability when necessary, and
leveraging the advantages of column integration of MSE and/
or OHC when appropriate. In many respects, results of this
study are consistent with those of previous studies. Using a
GMS phase angle analysis, Maithel and Back (2022) identified
both dry and moist equilibrium states. Using a two-layer mea-
sure of moisture stratification, Igel (2017) identified both shal-
low and deep convective D-R cycles. Using a GMS plane
analysis, Inoue et al. (2021) showed that, in the absence of
anomalous horizontal advective drying, the column process
leads to self-amplification of convection. This study serves as
a natural extension of prior D-R cycle research by more fully
characterizing the evolution of the cloud population through-
out D-R cycles, providing a more detailed analysis of thermo-
dynamic tendencies in the atmosphere and ocean, and by
examining both MSE and OHC budgets.

d. Primary limitations and ongoing research

Foremost among the many limitations of this study is the
reliance on thermodynamic profiles from reanalysis, which are
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FIG. 13. Schematic summarizing cloud-type enhancement, MSE and OHC tendencies for various layers of the atmosphere and upper
ocean (color shading; warm = positive, cool = negative), and MSE and OHC budgets for each regime (S1-D3) outlined in Fig. 4. A re-
gime averaged value of 15 W m ™2 delineates “strong” and “weak” budget processes.

known to have systematic and conditionally dependent biases
(Pincus et al. 2017; Wolding et al. 2022; Serra et al. 2023). More
sophisticated approaches are needed to understand the processes
controlling horizontal MSE advection, which varies systemati-
cally throughout D-R cycles (Wang et al. 2016; Maithel and
Back 2022). More explicit quantification of organizational feed-
backs using metrics such as PEMC and the lorg organization

index, a focus of ongoing work, is needed to advance understand-
ing of these processes and guide model development (Tompkins
and Semie 2017; Bony et al. 2020b; Angulo-Umana and Kim
2023). The conditional mean analysis used to examine transi-
tional regimes (T1, T2) does not distinguish between different
antecedent conditions (e.g., transitions from S2 to T2 versus D3
to T2), which warrant further examination.
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9. Summary and conclusions

The cyclical amplification and decay of convection is observed
ubiquitously over tropical oceans, and arises from coupled
feedbacks between clouds and their surrounding environment
(Inoue and Back 2017; Inoue et al. 2021). In this study, shallow
and deep convective “discharge-recharge cycles” (D-R cycles)
are initially identified by examining day-to-day covariability
between IMERG precipitation and ERAS lower-tropospheric
vertically integrated buoyancy ((B)pis) over the Indian and
western Pacific Oceans. These D-R cycles are then further
distinguished through analysis of thermodynamic tendencies
of the atmosphere and ocean, and budgets of moist static energy
(MSE) and upper ocean heat content (OHC). The primary
findings of this study are summarized in Fig. 13, and discussed
below.

The deep convective D-R cycle can be characterized as fol-
lows. Enhanced shallow cumulus cloudiness is associated with
increasing OHC, moistening of the boundary layer, and dry-
ing of the free troposphere (Fig. 13, D1). Oceanic transport
processes, SW radiative heating, and suppressed ocean-to-
atmosphere surface fluxes all contribute to increasing OHC.
Enhanced MSE import via atmospheric transport processes is
opposed by enhanced longwave radiative cooling and sup-
pressed surface fluxes, resulting in a net drying of the column.
Despite this net drying, which is realized as a drying of the
free troposphere, increasing boundary layer moisture is able
to support the deepening of convection. The transition from
enhanced cumulus to congestus to narrow deep precipitation
is associated with sign changes in many of the MSE and OHC
budget terms (Fig. 13, D2). As precipitation rates increase be-
yond 10 mm day ', enhanced mesoscale convective system
(MCS) activity begins rapidly exporting MSE via large-scale
vertical MSE advection, resulting in a drying of the boundary
layer (Fig. 13, D3). This MSE export is supported by radiative
and surface flux feedbacks, which act as anomalous sources of
MSE at the expense of OHC, resulting in a neutral MSE ten-
dency, but rapidly declining OHC. Decreasing MCS precipita-
tion is associated with a mixed transitional cloud regime and
sign changes in most of the MSE and OHC budget terms,
though this regime must be interpreted with caution, and is
therefore not described in detail (Fig. 13, T2, T1).

The shallow convective D-R cycle is characterized by alter-
nating enhancements of cumulus and stratocumulus, in the
presence of widespread upper-level cirrus (Fig. 13, S1, S2).
Oceanic transport processes and increased SW heating drive a
slow increase in OHC, despite the rapid conversion of OHC
to MSE via enhanced surface fluxes, which are particularly
strong in the cumulus and stratocumulus transition (S1 to S2).
Despite these enhanced surface fluxes, anomalous drying of
the subcloud layer occurs, with moistening limited to overly-
ing portions of the boundary layer during periods of enhanced
cumulus (S1), and deepening to include the free troposphere
during periods of enhanced stratocumulus (S2).

The deepening of both moistening and convection in the cu-
mulus to stratocumulus transition is associated with a positive
column processes feedback which can, in the absence of anom-
alous horizontal advective drying, drive the self-amplification
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of convection, and the transition from the shallow to deep
D-R cycle (S2 to T2 to D2). MCSs are unique in their ability
to rapidly discharge both (B)pip and OHC, and can, at times,
drive the transition from the deep to shallow D-R cycle (D3
to T2 to T1 to S1), as seen anecdotally during the DYNAMO
field campaign.

Examination of the atmosphere—ocean coupled energy bud-
get provides more general insights to how day-to-day convec-
tive variability both impacts, and is impacted by, MSE and
OHC variability. Feedbacks arising from atmospheric and
oceanic transport processes, surface fluxes, and radiation all
play important roles in driving the cyclical amplification and
decay of convection in D-R cycles. Atmospheric LW and oce-
anic SW radiative feedbacks are of nearly equal magnitude
but opposite sign (Hartmann et al. 2001), having the net effect
of changing the composition of atmosphere—ocean coupled
static energy (CSE = MSE + OHC) without changing the to-
tal quantity of CSE, similar to surface fluxes. Variability in
the processes impacting MSE is comparable in magnitude to,
but considerably more balanced than, variability in the pro-
cesses impacting OHC. Variations in the quantity of CSE
result primarily from atmospheric and oceanic transport pro-
cesses, but are mainly realized as changes in OHC.

Atmosphere—ocean coupled energy budgets of convective
D-R cycles may prove useful for guiding development of
atmosphere—-ocean coupled weather and climate models.
Consideration of MSE and upper OHC may prove useful in
understanding prolonged periods of suppressed convection,
successive periods of enhanced convection, and perhaps even
successive versus terminating MJO events.
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APPENDIX A

Normalized Gross Moist Stability—-Dependent Multiple
Equilibria Model

Building off of work by Raymond (2000), Raymond et al.
(2009) describe how precipitation rate and CSF may evolve
if the normalized gross moist stability (NGMS), a measure
of how efficiently atmospheric transport processes [Eq. (5)]
export MSE, increases as convective activity increases. This
model is particularly relevant to the present study because
it results in a bistable system, where a humid, enhanced con-
vective equilibrium state is separated from a dry, suppressed
convective equilibrium state by an unstable equilibrium state
(Fig. Al), similar to results seen in sections 3 and 6. This
appendix outlines the model and its associated assumptions,
which is not formally derived elsewhere in published literature.

Column integrated budgets for specific humidity (¢) and
moist static energy (4) are given by

(%) =5 - (o) + £+ 1+ 1), can

ot

where E is evaporation, P is precipitation, H is surface sen-
sible heat flux, and Q, is radiative heating, and unresolved
horizontal eddy transports have been neglected. Overbars
represent large-scale averages, and angle brackets represent
vertical integrals from the surface to 100 hPa. Multiplication
of specific humidity ¢, evaporation E, and precipitation P
by the latent heat L, is implicit in Eq. (A2), which there-
fore shares units with Eq. (A1).
Here, NGMS is defined as

—(V-Vh) — <m%>
r= 6‘9_” (A3)
(V-vg) + <m£>

Assuming WTG balance, Eq. (A1) becomes

(5w = (o)« 5 e i)

Next it is assumed that precipitation tendency is propor-
tional to column moisture tendency, such that

a7 _ 1o
ot adt’

where « is a positive constant.

(AS)
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FIG. Al. Adapted from Raymond et al. (2009) Fig. 8. Assumes
that normalized gross moist stability (NGMS) increases as precipi-
tation rate increases, and that precipitation rate increases with in-
creasing MSE. Curves A—C are examples of how the system may
evolve in time.

To obtain an equation describing the temporal evolution
of precipitation, both sides of Eq. (A2) are multiplied by
Eq. (A3), giving

r<‘ﬂ> =<V-vﬁ>+<mf’—ﬁ> +TE - TP. (A6)
ot ap
Next, Eq. (A4) is added to Eq. (A6), giving

(1 +r)<‘%> —(+DE+H+(Q)-TP. (A7)
Finally, Eq. (A5) is substituted into Eq. (A7) to get

(1 * F)‘zi; +TP=(1+D)E+H+(Q,). (A8)

This is the full equation describing the temporal evolution
of precipitation.

a. Equilibrium and perturbation precipitation equations
Define

P=P +P (A9)

pert’
where P.q is the precipitation rate at an equilibrium state
and Pp. is a precipitation perturbation from an equilib-
rium state. Similarly define

I= Feq + 1—‘lpert’ (Alo)
E= Eeq + Epert’ (All)
H=H, +H,, (A12)
<Q’> = (Q’)eq + <Qr>pert' (A13)

Findings of Inoue and Back (2017) showing both time-
dependent and quasi-time-independent aspects of NGMS
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provide some support for this separation. Using Egs. (A9)—
(A13) to expand Eq. (A8) gives

)
pert? | (Coq + L) (P

(1 + T+ l"pm)a(Peq + P

. Y + Ppcrt)
=(1+ Feq + Fpert)(Eeq + Epert)Heq + I—IPel'l
+ (Qr>eq + <Qr>pert' (A14)

Equation (A14) can now be separated into first-order (i.e.,
only X.q terms and products of X, terms), second-order
(i.e., only Xper terms and products of X.q and Xper terms),
and third-order (i.e., only products of Xpe and Xper terms)
equations, where the third-order equation will be dropped.

Recognizing that aPeq/al= 0, the first-order equation is
given by

FegPeq = T+ Feq)Eeq +H, + (Q,>eq. (A15)
Defining the diabatic source term D as
D=E+H+(Q,). (A16)
Equation (A15) can be rearranged to give
- D
P_=E_+ , (A17)

eq eq T

which describes precipitation at equilibrium. As noted by

Raymond et al. (2009), net precipitation at equilibrium

(Peq — Eeq) is proportional to the diabatic forcing, and the

smaller the NGMS, the larger the constant of proportionality,

making understanding of NGMS a “prize worth pursuing.”
The second-order equation is given by

1+T,)\oP
q pert
( o ) ot + FpertPeq + l—‘equerl
= (1 + Feq)Epert + Eequert + Hpert + <Qr>pert' (A]‘S)

If it is assumed that feedbacks arising from perturbations in
I', surface fluxes, and radiation can be neglected, such that

l—‘pert = Epert = Hpert = <Qr>perl =0. (A19)
Equation (A18) simplifies to
P al’
pert _ eq
a1+ T,, rev (A20)

which describes the temporal evolution of precipitation pertur-
bations away from an equilibrium state. Results from section 6
suggest that feedbacks arising from perturbations in I', surface
fluxes, and radiation all play important roles in D-R cycles.

b. Stability of equilibrium states

Consider the following three scenarios, illustrated in Fig. Al,
from Raymond et al. (2009):
1) If T'eq > 0, then Eq. (A20) shows that 9P__ /ot will be of

pert
opposite sign of Pper, indicating that both positive and
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negative precipitation perturbations will be returned back
to their equilibrium values. This is a stable equilibrium as-
sociated with enhanced precipitation.

2) If =1 <T¢q <0, then Eq. (A20) shows that BPpen/at will
have the same sign as Py, and both positive and nega-
tive precipitation perturbations will grow. This is an un-
stable equilibrium.

3) If'eq < —1, then Eq. (A20) shows that aPpm/az will be of
opposite sign of Py, indicating that both positive and
negative precipitation perturbations will be returned back
to their equilibrium values. This is a stable equilibrium as-
sociated with suppressed precipitation.

APPENDIX B

Transition Time between D-R Cycles

Figure B1 shows the bin-mean number of days be-
tween D-R cycle transitions, where a subjectively chosen
threshold of ((B)piz = —200 J kg™ ') delineates shallow
((B)prs < —200 J kg™1) and deep ((B)ps > —200 J kg™ ")
convective D-R cycles. As might be expected, in general, the
further conditions are from the threshold value, the longer
the mean time until a transition occurs. For any fixed (B)pip
value in the deep convective D-R cycle, higher precipitation
rates are associated with shorter times until transition, suggest-
ing that transitions are more likely to occur after widespread
deep convective events than after periods of suppressed convec-
tion. In general, the shallow convective D-R cycle has shorter
times until transition than the deep convective D-R cycle.

Testing Threshold
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F1G. B1. As in Fig. 2b, except color shading shows the bin-mean
number of days until a transition between the shallow and deep con-
vective D-R cycles occurred. A subjectively chosen threshold of
((B)pis = —200 J kg™ ") delineates shallow ((B)ps < —200J kg™ ')
and deep ((B)ps > —2007 kg™ 1) convective D-R cycles.

Unauthenticated | Downloaded 01/01/24 11:19 PM UTC


bwolding_personal
Sticky Note
This assumes that the evolution of precipitation is dominated by the convection-induced circulation feedbacks (i.e. GMS feedbacks), not by other feedbacks (e.g. surface flux feedbacks).
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APPENDIX C

Supplementary CloudSat Analysis

Analysis is as in section 4a, except showing the evolution
of horizontal EO pixel composition instead of number of
EOs (Fig. C1). Both analyses indicate a similar evolution of
CloudSat cloud types during D-R cycles.
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FI1G. C1. As in Fig. 5, except color shading shows the fraction of horizontal EO pixels (BBWIDTHS variable) in each bin identified as
shallow cumulus (CU), stratocumulus (SCU), cumulus congestus (CG), altostratus and altocumulus (ASAC), narrow deep precipitation
(NDP), wide deep precipitation (WDP), detached anvil (DAN), and cirrus (CI) cloud types.
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APPENDIX D

Examination of Bin-Mean (B)nonix and
(B)MODENTRAIN

Figure D1 shows that larger values of (B)pg (X axis) result
from larger values of both (B)nomx and (B)mopenTrain- The

(B)NoMIX
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maximum in (B)nomix occurs in the deep convective D-R cycle
(D1), and is associated with enhanced cumulus (Fig. 5). The gen-
eral increase in (B)nomrx With increasing (B)pg is the result of
both increasing 1000 hPa moisture, and decreasing 800-600 hPa
static stability. Increased 1000 hPa DSE contributes to the local
maximum of (B)nowmix (D1).
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