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ABSTRACT: Understanding convective aggregation is very important for understanding tropical climate and climate sensitivity. However,
we still lack a full understanding of how aggregation evolves in the real world or what real world phenomena can be the counter parts to
the phenomena of self-aggregation observed in idealized models. In this study, we apply the moist static energy (MSE) variance budget
framework to ERA 5 reanalysis data to study the evolution of large-scale aggregation in the real world. Our novel phase space diagnostics
highlight the cyclic nature of real world aggregation, compared to the quasi-stationary features of the idealized aggregated state. Therefore,
we visualize real world aggregation to evolve in the form of anomalies evolving about a mean state forming aggregation - disaggregation
cycles. We find horizontal advection to play the primary role in determining when the domain aggregates or disaggregates in the real
world. In contrast, all advective, radiative and surface flux feedbacks are found important for determining the magnitude of the aggregation
anomalies. Surface fluxes and horizontal advection tend to dampen aggregation anomalies, while radiative fluxes and vertical advection
tend to amplify aggregation anomalies. Looking deeper into the advection terms, we find that changes in vertical advection are dominated
by an enhanced low level subsidence over the dry columns during the more aggregated states which creates an anomalous drying tendency
for the dry columns. In contrast, horizontal advection changes are found to be dominated by increased moisture advection out of the moist

columns with stronger aggregation.

SIGNIFICANCE STATEMENT: The purpose of this
study is to characterize and understand the evolution
of large-scale convective aggregation in the real world
through reanalysis data. While most previous observa-
tional studies have focused on evolution of clouds and
cloud populations with aggregation, we focus on the en-
ergetics and the impact of aggregation on redistributing
moisture throughout the domain. Our framework high-
lights that aggregation can be visualized as a continuously
occurring cyclic feature at large-scales in the tropics. Fur-
ther, our work provides a deeper insight into the changes
in large-scale circulation that accompany aggregation, and
characterizes the similarities and differences between the
different regions in the tropics.

1. Introduction

Convective aggregation is generally used to refer to clus-
tering of clouds (and hence convection) in a non random
manner in a domain. Broadly, it can be a result of non-
uniform boundary conditions acting on the domain (exter-
nal factors), or because of feedbacks between convection,
moisture, and radiation (internal factors). Idealized numer-
ical models with uniform boundary conditions have been
extensively used to study the characteristics of convective
aggregation driven solely by these internal feedbacks, also
referred to as convective self-aggregation (Bretherton et al.
2005k Held et al.|1993)). In contrast, convection in the real
world can additionally also aggregate because of the pres-
ence and evolution of non-uniform boundary conditions,
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termed as convective aggregation. Itis notcompletely clear
what role or relevance the mechanisms behind self aggre-
gation play when it comes to aggregation in the real world
(review by Holloway et al.2017). However, there are some
key characteristics that have been identified in how both
self aggregation and aggregation can impact the spatial
domain. Studies have showed that the domain consistently
becomes drier, outgoing long wave radiation (OLR) in-
creases, and spatial gradients of column water vapor in the
domain increase as it gets more aggregated, both in ide-
alized models (Bretherton et al.[2005; (Wing and Emanuel
2014; [Wing and Cronin|2016; |[Holloway and Woolnough
2016, etc.), and observations (Tobin et al.|2012; |Tsa1 and
Mapes| 2022} |Stein et al.|[2017; Bony et al.|[2020} etc.).
This robust impact of aggregation on the large scale envi-
ronment, combined with the dependence of aggregation on
sea surface temperatures (SST) (Cronin and Wing |2017;
Coppin and Bony|2015) make understanding convective
aggregation extremely important to understanding climate
sensitivity (review by [Wing|2019).

To understand links between aggregation and self aggre-
gation, we first need to understand the nature of convective
aggregation in the real world, and how it differs from the
model world. Convection in idealized models starts off
from a completely disaggregated state with randomly dis-
tributed convection. Then with time, the domain slowly
transitions to a new equilibrium state with aggregated con-
vection which stays aggregated for the remainder of the
simulation. In contrast, in real world, convection will al-
ready be in a somewhat aggregated state due to the presence
of external boundary conditions and feedbacks from previ-
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ous convective events. However, the extent of aggregation
can change with time, and convection also disaggregates.
This will result in cycles of aggregation and disaggrega-
tion. Such cycles of changing extent of aggregation can
also be observed in some idealized simulations once the
aggregated state has been reached. However, these have not
been studied systematically in terms of what leads to such
variability, and more focus has been put on understanding
what initiates and maintains the overall aggregated state.
To measure the extent of aggregation in observations,
previous studies have used a variety of cloud clustering
based metrics. Each of these metrics, in some way or the
other, combines different cloud properties from satellite
observations to quantify cloud clusters so as to act as an
aggregation metric. Some prominent metrics in use are
the Simple Convective Aggregation Index (SCAI, [Tobin
et al.[2012), organization index /,,,¢ (Tompkins and Semie
2017), the Morphological Index of Convective Aggrega-
tion (MICA, |[Kadoya and Masunagal2018)) etc. However,
there can be some concerns about how well these metrics
correlate with larger scale convective organization in the
real world. For example, Sakaeda and Torri| (2022) show
that self aggregation based cloud metrics do not necessarily
correlate well with the Madden Julian Oscillation (MJO)
phase index. They show that many metrics are unable to
show an increase in aggregation during the active MJO
phase and some even show that convection becomes less
aggregated during the MJO active phase. They highlight
that these discrepancies primarily arise because of how
these metrics can be biased towards particular cloud prop-
erties by construction (like cloud clusters becoming larger
or clusters becoming fewer) and individually may not fully
capture all characteristics of cloud evolution in real world.
Such factors make it difficult to compare self aggrega-
tion in idealized models with aggregation in the real world
directly. However, since both models and observations
have showed consistent and strong impacts on the large
scale environment (Wing|2019), there is potential to define
aggregation based on the state of the large scale environ-
ment itself. A particularly strong, robust and easy to track
metric for doing so is the spatial variability of column
water vapor. Motivation for using this metric is twofold.
One, the column water vapor distribution has been shown
to vary with aggregation significantly in both observations
(Lebsock et al.||2017; [Tsai and Mapes|[2022) and models
(Bretherton et al.|[2005; (Wing and Emanuel|2014). Two,
empirical evidence shows a strong dependence of precip-
itation on a critical moisture threshold (Bretherton et al.
2004) and the existence of sharp water vapor margins for
the Inter-Tropical Convergence Zones (ITCZ) (Mapes et al.
2018)). This suggests that convection, aggregation, and the
distribution of column moisture in the tropics are strongly
interconnected with each other. Aggregation can impact
the distribution of water vapor in the tropics and vice-versa.

This also provides strong support to the idea that self ag-
gregation mechanisms can be relevant for understanding
convective variability that is driven by changes in moisture
in the real world (Adames-Corraliza and Maytal2023; Tsai
and Mapes|2022). Other recent studies have highlighted
such moisture driven modes of convective variability be-
ing observed ubiquitously throughout the tropics (Inoue
and Back|[2017), and the mechanisms behind them to be
very inherent to how convection interacts with the large
scale environment (Inoue et al.| 2021} Maithel and Back
2022). |Lebsock et al. (2017) have used and verified that
the spatial variance of column water vapor can be used as
a metric for aggregation using satellite data.

All together, this suggests that studying the evolution of
moisture can be an indirect way of tracking aggregation.
Owing to the weak temperature gradient approximation
(WTG) (Sobel et al.|[2001), the evolution of moisture can
be studied using moist static energy (MSE) budgets. While
the MSE budget (Eq. [1]) has been extensively used to study
moisture driven convective variability, the MSE variance
budget (Eq. (Wing and Emanuel| 2014} has been ex-
tensively used to study self aggregation and for tropical
cyclone diagnostics (Wing and Emanuel|2014;|Coppin and
Bony| 2015}, [Holloway and Woolnough|2016; |Wing et al.
2019; Dirkes et al.[2023] etc.).
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In Eq. [Tand 2] (...) represents mass weighted vertical
column integral from the surface to 100hPa, ’ represents
anomaly compared to the domain mean, & represents MSE,
w represents vertical velocity in pressure coordinates, v is
the horizontal wind vector, VADV and HADV stand for
vertical and horizontal advection respectively, (Qg) are
the column radiative fluxes, SF are the surface sensible
and latent heat fluxes, and Res stands for the residual term.

The MSE variance budget framework (Wing and
Emanuel|2014) makes use of the observation that self ag-
gregation results in redistribution of moisture and MSE
within the domain to resemble a bimodal distribution with
anomalously moist and dry columns instead of being more
uniformly distributed (Bretherton et al. 2005). This implies
an increase in the value of the spatial variance of MSE with
aggregation. Furthermore, the MSE variance budget (Eq.
) can be used to measure how different processes con-
tribute to the increase or decrease of MSE variance. It



is derived by multiplying the the spatial anomalies of the
terms in Eq. [I] with anomalous column MSE at each time
instant. A positive variance budget term represents that
the anomalously moist columns in the domain tend to fur-
ther moisten as a result of that process or anomalously dry
columns will tend to further dry up. This implies that the
term tends to act as a positive feedback on column MSE
anomalies. Since amplifying or sustaining existing MSE
anomalies help aggregation, positive feedbacks on MSE
anomalies support aggregation. Consequently, a negative
variance budget term signifies that the term acts as a neg-
ative feedback on column MSE anomalies, and does not
support aggregation.

Using the MSE variance budget, idealized modeling
studies found the positive feedback of radiative fluxes on
column MSE anomalies to be the dominant mechanism
responsible for initiation as well as maintenance of self
aggregation (Wing et al.|2017; |Pope et al.|[2021} 2023).
Their role in helping maintain the self aggregated state
once it has already aggregated can be particularly relevant
for the real world. This is supported in observations which
showed that at large scales, anomalous column radiative
fluxes vary linearly with anomalous column moisture with
a positive slope (Su and Neelin| [2002; Inoue and Back
2017). This implies that positive moisture anomalies are
linked with anomalous moistening tendency or negative
moisture anomalies are linked with anomalous drying ten-
dency, that is, radiative fluxes act as a positive feedback
on MSE anomalies. Moreover, the positive slope also im-
plies that the feedback is expected to get stronger with
larger anomalies. However, this only shows that radiative
anomalies strongly covary with MSE or moisture anoma-
lies. This does not tell us about the causality, whether the
larger anomalies occur when the positive feedback from
radiative fluxes becomes stronger or vice versa. In other
words, are changes in MSE anomalies or changes in ag-
gregation driven by changes in radiative feedbacks? That
will be shown if the contribution from the radiative term
also covaries positively with MSE tendency or MSE vari-
ance tendency. Many recent studies looking at evolution of
the aforementioned moisture driven convective variability
modes in observations have found the tendencies in col-
umn MSE to be driven strongly by advection instead of
radiation, with radiation being important for maintenance
(Inoue et al.|[2021}; Maithel and Back|[2022; Mayta and
Adames-Corraliza/2023)).

This brings us to the main question being addressed in
this study. Does convection in the real world aggregate/
disaggregate whenever the positive feedback from radia-
tive fluxes strengthens/ weakens respectively? Or do radia-
tive feedbacks only contribute to determining the extent of
aggregation whereas advective processes determine when
things aggregate and disaggregate? We hypothesize that
advection of MSE plays a large role in driving aggregation
disaggregation cycles in observations and our hypothesis is
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supported by the analysis in this paper. We use the spatial
variance of MSE as our metric of aggregation.

The rest of this paper is structured as follows. Section
2 describes the data set being used and how the variance
budget calculation is set up. It also introduces the novel
variance phase space that we will use as our diagnostic
framework. Section 3 presents the main results from the
study, while section 4 presents the summary and discus-
sion.

2. Data and Methods

We use ERA 5 data (Hersbach et al.|2020) as our best
guess for what is happening in the real world for this study.
Temperature, humidity, winds, radiation, sensible and la-
tent heat surface fluxes are used from ERA 5 to compute the
column integrated MSE and column integrated MSE bud-
get time series at each grid point. Column integrated quan-
tities are computed by taking the vertical integral across
27 vertical levels between 1000hPa and 100hPa. Further,
the MSE variance budget terms are computed over four
large domain boxes, each corresponding to the four main
tropical ocean basins: an Indian Ocean (IO) box spanning
between 10° S - 5° N and 55° — 95° E, a Western Pacific
(WP) box spanning 5° S — 10° N and 150° — 180° E, an
Eastern Pacific (EP) box spanning 0° — 15° N and 195° —
265° E, and an Atlantic Ocean (AO) box spanning 0° — 15°
N and 315° — 340° E. We use data at horizontal resolution
of 0.5° x 0.5° and a time resolution of 6 hr from 1980-2019
within each box. The MSE budget time series at each grid
point is further passed through a 24 hr running mean filter
to remove diurnal variability from the data.

The domains we use are much larger than the 10° x 10°
or 5° x 5° boxes used to evaluate the cloud based aggre-
gation metrics in previous studies. In this study, we are
focusing on defining aggregation through its impact on the
large scale distribution of MSE. Hence the need for larger
domain size. Because of the larger domain size, the do-
mains can be expected to be closer to radiative convective
equilibrium (RCE) more frequently (Jakob et al.2019).
Also this shifts the focus to being on convective features
and aggregation at larger scales (like the ITCZ) which
evolves more slowly at sub-seasonal timescales making it
more comparable to self aggregation in idealized models.
It should be noted that the majority of the existing litera-
ture on convective aggregation in the real world is instead
focused more at cloud organization at meso-scales.

The MSE variance budget terms are calculated as fol-
lows from the MSE budget time series data. First, for
each grid point, the spatial anomaly of column MSE and
each of the budget terms is computed by subtracting the
respective domain mean at each time step. Then the MSE
budget term anomaly is projected onto the column MSE
anomaly for every point. Finally, a domain mean of the
projected term is calculated, creating a one dimensional
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FiG. 1. Spatial structure of the column MSE anomalies (J /m?) in the four ocean basin domain being studied when a) each domain is least aggregated,
and b) domain is most aggregated. Both a) and b) follow the same colorbar.

time series to represent each term in equation [T] in each
of the four ocean boxes. Figurdl|shows the spatial distri-
bution of column MSE anomalies when the domain mean
MSE variance is low (top), and when the domain mean
MSE variance is high (bottom) for each of the four boxes.
A strongly aggregated domain in this framework looks like
a strong latitudinal ITCZ band with sharp margins.

We propose to use a novel MSE variance based phase
space to visualize and track the evolution of domain mean
MSE variance. The phase space is formed by taking do-
main mean MSE variance on the x-axis and the tendency
of the domain mean MSE variance on the y-axis. While the
x-axis physically corresponds to the extent or degree of ag-
gregation in the domain, the y-axis represents the process:
whether it is undergoing aggregation or disaggregation. A
schematic of an idealized aggregation-disaggregation cy-
cle is shown in fig. Zh. The arrows depict the expected
trajectory on the phase space as the domain aggregates (left
to right) and disaggregates (right to left), together forming
the cycle.

The main idea is that the phase space allows us to vi-
sualize the different phases of this cycle and look at how
the contributions from the various terms in Eq. [2]changes
across the different phases. More and less aggregated
phases are the right and left halves respectively, and aggre-
gating and disaggregating phases are the top and bottom
halves respectively. This picture encourages one to think
of large-scale aggregation in the real world as a transient
cyclic process and not as a change in the mean state.

We also choose to normalize the MSE variance and
MSE variance budget terms so that the two phase plane
axes have similar magnitudes. We do so by dividing the
domain mean MSE variance time series for each domain
by the maximum mean MSE variance observed in that
domain, and the domain mean MSE variance tendency by
the maximum absolute value of the domain mean MSE
variance tendency in the domain. As a result, the x-axis
on the phase plane has a range between 0 and 1, and y-axis
ranged between -1 to 1. Other MSE variance budget terms
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FiG. 2. a) A simple schematic of the MSE variance phase space and the idealized aggregation - disaggregation cycle. The X-axis is the domain
mean MSE variance, and y-axis is the tendency of domain mean MSE variance. Red arrows represent what a typical aggregation - disaggregation
cycle would look like. b)-e) vector plot showing the actual evolution on the MSE variance phase plane in reanalysis data for the four ocean basins -
10, WP, EP, AO respectively. For easier visualization, the phase plane has been divided into 400 equally spaced bins (20 along each axis) and bin
mean values have been plotted. Only bins with more than 100 samples are shown.

from Eq. [2] are normalized by the same maximum MSE
variance tendency value.

3. Results

First we verify that the cyclic variability on the phase
space, expected in figure [Zh is also observed in the reanal-
ysis data. To do so, we plot a phase portrait for our two
dimensional phase space showing vectors corresponding to
the direction of evolution on the phase plane. The vectors
are computed by first computing the time derivatives of the
domain mean MSE variance and domain mean MSE vari-
ance tendency at each time step. Then, the phase plane is
divided into 400 small rectangular bins (20 equally spaced
bins along each axis). Then we compute the bin mean time
derivative of the MSE variance (vector magnitude along
x-axis) and the bin mean time derivative of the MSE vari-
ance tendency (vector magnitude along y-axis) for each
bin. The resulting bin mean vectors for each ocean basin
are plotted in fig. [2]b-e. Only bins with more than 100
samples are plotted. We observe that the cyclic signal as
visualized in the simple schematic in fig. [2h is reproduced
very clearly in all ocean basins. This signifies that extent of
large scale aggregation indeed varies cyclically everywhere
throughout the tropics in the form of these aggregation -
disaggregation cycles.

Before we delve deeper into looking at this cyclic be-
havior, we characterize the mean state of aggregation in

reanalysis by plotting the mean value of the MSE variance
budget terms averaged over the full time series. Figure 3]
shows the mean MSE variance budget terms for each ocean
basin. Since the mean MSE variance tendency is zero in
this figure, these values can be compared qualitatively with
those during the equilibrium part of the idealized model
simulations when the domain has already reached an ag-
gregated and quasi-stationary equilibrium state.

From figure [3] we observe that the column radiative
and surface fluxes act as mean positive and negative feed-
backs on column MSE anomalies respectively in all ocean
basins. Hence, mean radiative fluxes support aggrega-
tion and mean surface fluxes resist aggregation. This is
broadly consistent with results in [Pope et al.| (2023) who
thoroughly analyzed the diabatic flux feedbacks in the dif-
ferent model runs part of the Radiative-Convective Equi-
librium Model Intercomparison Project (RCEMIP; |Wing
et al.|2018} |2020). Radiative fluxes act as a positive feed-
back due to longwave interactions with high clouds, and
shortwave absorption by water vapor in moist regions dom-
inating the variance from radiative fluxes as per these ide-
alized modeling studies (Pope et al.[2023). Regarding
surface flux feedbacks, we observe that in ERA 5 they
tend to resist aggregation during all phases of the cycle
in all ocean basins. A possible hypothesis for this could
be that surface fluxes are dominated by negative feedback
processes which tend to moisten dry regions compared
to positive feedback processes like the wind driven sur-
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FiG. 3. Bar plot showing the mean MSE variance budget terms from
Eq. |Z| for the full time series. A residual term is also computed to
accommodate the fact that MSE budget is not exactly closed in ERAS
data. Different colors correspond to different ocean basins with IO in
blue, WP in orange, EP in yellow, and AO in purple

face heat exchange feedback (WISHE) which will tend to
moisten the moist regions. Such negative feedback pro-
cesses in dry regions could be related to increased air-sea
enthalpy disequilibrium (Wing and Emanuel|2014) and is
consistent with |Bretherton and Khairoutdinov| (2015) that
found anomalous surface fluxes dominated by increases in
dry intrusions.

Vertical advection displays large qualitative differences
between the different basins. While over Eastern Pacific
and Atlantic Ocean basins, vertical advection has a strong
mean positive feedback on MSE anomalies, over Indian
Ocean and Western Pacific the mean feedback is closer to
zero and smaller than the residual. This suggests that the
mean overturning circulation does not transfer MSE effec-
tively from moist to dry regions by itself when contribution
from horizontal advection of MSE is not being included.
This is interesting because this is the opposite of what will
be expected from a traditional Hadley cell picture for the
mean tropical circulation which helps transport excess en-
ergy from tropics towards subtropics due to upper level
divergence in the ascending branch of the Hadley cell. A
possible explanation for such inter basin differences could
be related to differences in vertical motion profile shape.
Back and Bretherton|(2006)); Back et al.|(2017) showed that
climatological vertical motion profile shapes being more
bottom heavy in Eastern pacific and Atlantic Ocean can
lead to negative gross moist stability values in the region.
Further we observe that horizontal advection acts a mean
negative feedback on MSE anomalies in all ocean basins.
This motivates thinking of horizontal advection as a mixing
term which physically tends to reduce MSE gradients in
the domain. It is interesting to note that total advection acts

as a overall negative feedback on MSE anomalies (with the
exception of Atlantic basin) suggesting that horizontal ad-
vection feedbacks dominate vertical advection feedbacks.
While most models do not compute the vertical and hori-
zontal advection variance terms explicitly to compare with
reanalysis here, |Pope et al.| (2023) do find total advection
to act as a net negative feedback in RCEMIP model runs
once the models have reached an aggregated state.

a. Contribution to maintenance and propagation of MSE
variance anomalies averaged over the complete cycle

As mentioned previously, we are interested in under-
standing what drives cyclic behavior in aggregation. We
are particularly focused on how the MSE variance budget
terms vary during different phases of the cycle. One way to
do so is to understand how each of the budget terms in Eq.
2] co-vary with MSE variance (in the x-direction) and with
MSE variance tendency (in the y-direction). This is same
as asking how each term contributes to maintenance and
propagation of these cycles respectively. This can be eval-
uated by projecting the MSE variance budget (Eq. [2) onto
the appropriate terms and computing the total projection
for the full time series as given by the equations below.
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In equations 3 and 4, X represents a term from the
MSE variance budget in Eq. |2, . represents the domain
mean, |...| represents the time anomaly, and {...} repre-
sents the mean of the underlying term across the full time
series. This is analogous to the maintenance and propa-
gation terms calculated in|Andersen and Kuang| (2012) for
the MSE budget. The propagation term (Eq. ) represents
whether the budget term anomalies are the same sign as
the MSE variance tendency anomalies or the MSE vari-
ance tendency (since mean tendency is zero from fig. [3).
The maintenance term (Eq. [3) represents how the budget
terms vary with the domain being anomalously more or less
aggregated. Therefore, while the value of the MSE vari-
ance budget term itself represents whether the particular
process acts as a positive or negative feedback on column
MSE anomalies, the maintenance and propagation projec-
tions represent how the strength of that feedback changes
when the domain is anomalously more/ less aggregated,

and while it is in the process of aggregating/ disaggregat-
ing respectively.
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FiG. 4. Bar plot showing the contribution of each MSE variance budget term from Eq. |Z|(including residual) to a) Maintenance of MSE variance
- computed as per Eq. E|, and b) propagation of MSE variance - computed as in Eq. E Different colors correspond to different ocean basins with
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It should be noted that this notion of the mainte-
nance term primarily refers to maintenance of aggrega-
tion anomalies during the aggregation-disaggregation cy-
cle. This is different from when previous studies have used
the term maintenance which deals more with whether a
process helps maintain a mean aggregated state compared
to a completely disaggregated state. In other words, main-
tenance in previous studies is related to the mean value
of the MSE variance budget term (fig. [3), while here
maintenance corresponds to how anomalies of the vari-
ance budget term correlates with anomalous domain MSE
variance. In the rest of this paper, by maintenance of ag-
gregation, we will refer to maintenance in the context of
aggregation-disaggregation cycles and whether a process
is maintaining an aggregation anomaly in the reanalysis.
Since this metric measures how things are changing with
aggregation anomalies, it is also a quantification of the
feedback on aggregation. However to avoid any confu-

sion about the context in which the term feedback is being
used, we’ll use the term feedback only in context of MSE
anomalies. Feedback on aggregation will be referred to as
positive or negative contribution to maintenance of aggre-
gation anomalies.

Figure[d]shows the projections of each term contributing
to the maintenance and propagation of the cycles. Fig-
ure [dh shows that vertical advection and column radiation
fluxes have a positive contribution to maintenance while
horizontal advection and surface fluxes have a negative
contribution to maintenance of aggregation anomalies. A
positive contribution to maintenance implies that the vari-
ance budget term varies such that it anomalously favors
further aggregation when the domain is more aggregated,
or it anomalously supports disaggregation when the state
is already less aggregated. This can happen due to multi-
ple reasons depending on whether the particular variance
budget term has a positive or negative feedback, that is,
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whether it supports or resists aggregation respectively. For
example, consider a positive feedback on MSE anoma-
lies. A positive maintenance contribution means a stronger
support to aggregation as the domain becomes more ag-
gregated. This could be because of its tendency to moisten
the moist columns more strongly, or dry the dry columns
more strongly as the domain becomes more aggregated.
In the opposite manner, for a negative feedback on MSE
anomalies, a positive maintenance contribution means a
weaker resistance to aggregation as the domain becomes
more aggregated. This could be because of its tendency
to dry the moist columns less strongly, or moisten the dry
columns less strongly as the domain gets more aggregated.
In contrast, a negative contribution to maintenance repre-
sents that the MSE variance budget term varies such that
it favors anomalous disaggregation when the domain is
more aggregated or it supports anomalous aggregation in
the domain when it is less aggregated. Similar to the case
for positive maintenance terms, a negative maintenance
contribution can also be a result of different pathways de-
pending on whether the term is behaving like a positive or
negative feedback. Which pathway is in action for which
term is discussed more in subsequent sections.

Overall, we see some amount of qualitative agreement
between the different ocean basins even though there are
also some stark quantitative differences. For example, sur-
face fluxes have a strong negative contribution to mainte-
nance consistently throughout the tropics. Vertical advec-
tion and column radiation have the same sign of impact
on maintenance in all ocean basins - a positive contribu-
tion - but these terms show larger basin-to-basin variations
in magnitude. Horizontal advection here seems to be an
outlier in the sense that the sign of the term also seems to
change between the ocean basins in addition to its magni-
tude. This is discussed further in the next subsection.

The propagation term shown in fig. b shows that almost
all of the contribution to propagation of aggregation cycles
comes from horizontal advection in all ocean basins. A
positive contribution to propagation means that the MSE
variance budget term positively covaries with tendency.
This will happen if the domain mean MSE variance ten-
dency has the same sign as the contribution to the tendency
from the anomalies in the budget term. That is, the over-
all domain tends to aggregate or disaggregate when the
specific contribution from the particular term also tends
to anomalously support aggregation or disaggregation re-
spectively. In contrast, a negative contribution to propa-
gation denotes that the anomalous variance budget term is
of the opposite sign to the total MSE variance tendency
and the particular budget term tends to be disaggregating
the system when overall it is aggregating or vice versa. A
zero value denotes that there is no specific pattern between
how the two co vary. It is observed that the propagation
of the aggregation-disaggregation cycles is almost exclu-

sively because of horizontal advection in all ocean basins
with other terms being close to zero.

This horizontal advection contribution to propagation is
significant because it implies that statistically the diabatic
terms do not play a major role in determining when the
domain aggregates or disaggregates. We expect that while
the contribution from diabatic terms may be non zero for
individual cycles, when averaging over multiple cycles, we
observe that they do not have a specific influence on how
the existing state of aggregation will change. This is po-
tentially important for understanding how the frequency
of aggregation-disaggregation cycles might change in the
real world with climate change, and suggests that under-
standing the change in advective feedbacks will be more
important to understand this aspect of aggregation.

b. Contribution to maintenance and propagation of MSE
variance anomalies during different phases of the cycle

Because the values calculated as per Eq. [3] and [] in-
clude taking a mean over the full time series, it represents
the contribution of each term averaged over all the different
phases of the cycle. However we can understand the con-
tribution of each term during the different phases by using
the MSE variance phase plane (figure [2h) to only average
over the same phase bins across different cycles.

Figure[5]shows contours of the bin mean values for each
of the MSE variance budget terms in Eq. [2| for the Indian
Ocean basin on the phase plane. The contours represent
how each term in the variance budget varies across the
different phases of the aggregation-disaggregation cycles.
The contours show the full variability in strength of the
feedback that goes into computing the maintenance and
propagation metric in the previous subsection.

We can interpret the maintenance and propagation terms
from the previous subsection as how the budget term vary
along the x and y axes respectively. Since variance from
horizontal advection is the only term which varies in mag-
nitude along the y-direction (fig. [5p), it is the only con-
tributor to propagation in fig. @p. The three remaining
terms vary primarily along the x-direction, making their
contribution to propagation close to zero. Variance from
vertical advection, column radiation, and surface fluxes do
not vary much between the aggregating and disaggregating
phase for a given amount of aggregation. This ties back
in with our initial hypothesis that diabatic terms can not
sufficiently be the driving force behind the observed ag-
gregation disaggregation cycles. Instead we observe that
advection terms vary with the y-axis on the phase plane
indicating that advection, particularly horizontal advection
is important for driving these aggregation-disaggregation
cycles.

We can further observe that vertical advection (fig. E}a)
and column radiation fluxes (fig. [5d) become stronger pos-
itive feedbacks when the domain is more aggregated, and
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¢) and d) have the same sign throughout, so there is no zero contour

surface fluxes (fig. [5k) and horizontal advection (fig. [5b)
act as stronger negative feedbacks when domain becomes
more aggregated explaining the positive and negative con-
tribution of these terms to maintenance of MSE variance
anomalies.

Figure [6] shows the bin mean contours for the budget
terms over the other three ocean basins. We observe that
the behavior seen in the Indian Ocean basin is also ob-
served qualitatively across the different regions. Changes
in contour shapes between the different ocean basins lead
to the difference in values observed in Fig. @ For exam-
ple, horizontal advection variance contours in the Eastern
Pacific and Atlantic Ocean boxes (Fig. are more hori-
zontal as compared to the Indian Ocean or Western Pacific
making its contribution to the maintenance term smaller
in magnitude comparatively. This suggests that changes
in magnitude of the contribution to maintenance by the
horizontal advection variance term are related to subtle
differences in the phase relationship between horizontal
advection variance and domain MSE variance rather than
an outright difference like a change in sign of the feedback.
Similarly, differences in contribution to maintenance from
vertical advection variance and radiative flux variance can
also be associated with such subtle phase relationships.
This implies that the use of the maintenance and propaga-

tion bar plots (fig. ) to understand variance budget evolu-
tion is very sensitive to the underlying phase relationships
and warrant a deeper look.

In this study, we will look at changes in horizontal and
vertical advection in greater detail to understand where
the observed pattern in the variance term is coming from.
We particularly highlight characteristics that can explain
the change in variance budget term and are similar across
different regions in the tropics since those correspond to
the more dominant mechanisms.

c. Changes in circulation between the most and least ag-
gregated states

We try to better understand the physical processes be-
hind how vertical and horizontal advection are contributing
to MSE variance. To do so, we look at two things. One,
how does column integrated MSE advection in the moist
and dry columns change as the overall domain becomes
less or more aggregated. This tells us about the main-
tenance of aggregation anomalies. Second, we examine
how the three dimensional circulation in the domain boxes
changes when the basins are most aggregated compared
to when the basins are least aggregated. In figures [/| to
[T0] column integrated MSE advection terms and the three
dimensional circulation profiles are plotted as a function
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FiG. 6. Same as Fig. E|but for other three ocean basins - Western Pacific (WP), Eastern Pacific (EP), and Atlantic Ocean (AO).

of binned column MSE. For each time step, we arrange all
grid points in the domain in increasing order of column
MSE, and then bin them into ten equal percentile bins to
rank high MSE (which we will refer to as moist) and low
MSE (dry) columns. The MSE deciles are further com-
posited over 10% of the times when the domain is most
and least aggregated to show the differences as the overall
domain becomes more or less aggregated.

1) HORIZONTAL ADVECTION AND HORIZONTAL CIRCULA-
TION CHANGES

Figure[7]shows the bin mean horizontal advection for the
column MSE percentile bins in all four domains, compos-
ited for when the domain is most aggregated and when it is
least aggregated. We observe that while horizontal advec-
tion is mostly negative (i.e. ithas a tendency to reduce MSE
in the column) across all the columns in the different re-
gion, how the values change with aggregation can differ in
different columns and different basins. The moist columns
in all four regions show a tendency to export more MSE
out of the column by horizontal advection with stronger ag-
gregation. This is a negative contribution of horizontal ad-
vection to maintenance of aggregation since it contributes
to decreasing the variance more strongly when more ag-
gregated (making a negative feedback more negative). In
contrast, the horizontal advection tends to export less MSE
out of the dry columns in Indian Ocean and Western Pacific
basins, while the dry columns show a tendency for stronger
advection out of the column in the Eastern Pacific and the

Atlantic Ocean basins as the domains aggregate. Reduced
tendency to make the dry columns drier with aggregation
is also a negative maintenance contribution since it implies
increased anomalous moistening of the dry columns (mak-
ing the negative feedback more negative). However, the
tendency to make the dry columns drier with aggregation
is a positive maintenance contribution. Therefore we will
expect the maintenance term for horizontal advection to
be more negative for the Indian Ocean and Western Pacific
boxes. This explains the observed differences in magnitude
of the maintenance term for horizontal advection in fig. [4p.
It should also be noted that horizontal advection over moist
columns changes uniformly with aggregation throughout
the different basins while the dry regions behave differently
over different ocean basins.

Next, we’ll look at the changes in horizontal circulation
profiles during the most and least aggregated states as a
function of the binned column MSE bins (Fig. [8). The
two dimensional column MSE - height space distorts the
geography of the domain. Therefore, horizontal circula-
tion has to be visualized as flow between dry and moist
columns. This is calculated by computing the projection
of the anomalous horizontal wind vector at each grid point
in the direction of the MSE gradient. Collecting and plot-
ting the bin mean of the projected winds then represents
the anomalous horizontal winds in the direction of more
moist columns at each location in the bin.

Looking at panels a and b in figure [8| we observe that
when the domain is least aggregated (panel b), the anoma-
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Fic. 7. Bin mean column integrated horizontal MSE advection for deciles of column MSE in all four ocean boxes when the domain is most
aggregated (blue) and when it is least aggregated (red). X-axis represents the deciles of column MSE arranged to go from dry to moist columns as

you go left to right.

lous horizontal flow is negative at lower levels, meaning
that anomalous flow is from moist to dry columns. Con-
versely, when the domain is more aggregated, the anoma-
lous horizontal flow is from the dry to moist columns near
the surface. This indicates that extent of aggregation in the
domain is linked to a reversal in direction of anomalous
horizontal winds. Similar wind change patterns are ob-
served over the other boxes as well (not shown). A recent
study by[Adames-Corraliza and Mayta (2023)) have hypoth-
esized that such a change in wind direction could be related
to interactions between moisture gradient driven large scale
organized convection and circulation in the tropics and this
is discussed more in section 4l

2) VERTICAL ADVECTION AND VERTICAL VELOCITY PROFILE
CHANGES

Variance due to the vertical advection was found to
contribute positively to the maintenance of aggregation
anomalies in figure [d] Figure. [5]showed that this happens

because as the domain becomes more aggregated, variance
tendencies from vertical advection become more positive.
In theory, this could be attributed to increased anomalous
moistening tendency of the moist columns or increased
anomalous drying tendency of the dry columns due to
vertical advection. Further, these changes can be due to a
combination of 1) changes in the amount of vertical motion
and/or 2) changes in the top-heaviness of the vertical mo-
tion profile and/or 3) changes in thermodynamic profiles
affecting vertical advection without changes in the vertical
motion. We wish to diagnose which of these changes is
occurring.

Previous idealized modelling studies have highlighted
the important role of increased low level subsidence in
dry regions being an important positive feedback for ag-

gregation (Muller and Held|2012). In contrast,
(2022)) show that ascending vertical motion profiles

in the moist columns tend to be more bottom heavy for
more aggregated cases over Indian Ocean in MERRA-2
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vice versa. Shading represents vertical MSE profile for the column bins.

data. However, other previous studies also discuss how
geographic variability in vertical motion profile shape im-
plies geographical differences in how convection amplifies
during such cyclical modes (Inoue et al|2021). This then
raises the question, are there specific patterns in vertical
motion profile shape changes which can be observed con-
sistently across the different ocean basins that can explain
the positive contribution of vertical advection to mainte-
nance of aggregation in this framework? Are these driven
by vertical motion profile changes in the dry regions or the
moist regions?

Column integrated vertical advection as a function of
binned column MSE and composited over 10% of the most
and least aggregated cases for all four domains is shown in
fig. Ehl, bl, cl, and d1. Starting off with the Indian Ocean
box (fig. Ppl), we observe that the moist columns tend
to lose MSE and the dry columns tend to gain MSE due
to vertical advection when the domain is less aggregated.
This is representative of vertical advection acting as a neg-
ative feedback on MSE anomalies when the domain is less

aggregated, consistent with fig. [Sh. Further, we observe
that the moist columns tend to be dried more by verti-
cal advection as the domain becomes more aggregated.
This is a negative maintenance contribution as this tends
to make a negative feedback more negative. However, dry
columns tend to be moistened less by vertical advection
at the same time, which is a positive contribution to the
maintenance term. Since the total maintenance term for
vertical advection is positive in the Indian Ocean box as
per fig. [, vertical advection changes in the dry columns
must be dominating over the changes in moist columns.
This change in vertical advection as the domain becomes
more aggregated can also be visualized by plotting the dif-
ference between the two lines in fig. Phl. This difference
is plotted in fig. [Op2 in black, which shows the least ag-
gregated case subtracted from the most aggregated case.
Negative values denote anomalous drying tendency of the
column as domain aggregates and positive values denote
anomalous moistening tendency. Comparing figures for
Indian Ocean box with the other domains (fig. b,c, and
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d), we observe that while the shape of the vertical advection
curve itself can be different between the different domain,
all domains show an anomalous drying or a weakened
moistening tendency over the dry columns with aggrega-
tion due to changes in vertical advection. We also observe
that moist columns in Indian Ocean and Eastern Pacific
show a stronger anomalous drying tendency as vertical ad-
vection changes with aggregation. However, for the West-
ern Pacific and Atlantic Ocean boxes, the moist columns
show an increased anomalous moistening tendency in the
moist columns with aggregation due to vertical advection.
This discrepancy suggests that vertical advection changes
in the dry or the subsiding columns are more uniform across
the different regions. Moreover, since vertical advection
overall contributes positively to maintenance of aggrega-
tion in all ocean basins (fig. fh), these changes over dry
columns can be very important to understanding the phys-
ical response.

To better understand whether these changes in vertical
advection come from changes in vertical motion profile or
from changes in the MSE profile, we decompose vertical
advection within each bin as follows:

w%—6@+wa—h+w@+wa—h )
ap| \ op ap , “op “op,

In this equation, the overbar denotes a time average
across the most and least aggregated times and the sub-
script ’a’ represents anomaly from the time mean. The
difference between the most and least aggregated states for

the decomposed terms are plotted as colored thin lines in
figure [Op2, b2, ¢2, and d2. Since the mean profiles are
constant between the most and least aggregated states, the
line corresponding to <5%> is zero (red). We observe that
change in total vertical advection is very closely followed
by change in <wa%>, which corresponds to anomalous

changes in vertical motion profiles acting on a time mean
MSE gradient profile (green). This suggests that variabil-
ity in vertical advection is mainly explained by the changes
in vertical motion profiles between most and least aggre-
gated states. This is observed robustly over all four ocean
domains.

Figure [TOp shows the vertical profiles of mean verti-
cal velocity (contour) and mean MSE (shading) in the left
most panel, and anomalous vertical velocity (contour) and
anomalous MSE (shading) during the most and least ag-
gregated cases in the other two panels for the Indian Ocean
domain. As expected we observe that the mean vertical
velocity is ascending over the moist columns and descend-
ing over the dry columns. We further observe that the
negative MSE anomalies over the drier columns dominate
the MSE profile changes as shown by the range of color
shading when the domain is most aggregated. The MSE
increase in the moist columns is comparatively closer to
zero. In terms of vertical velocity changes, we observe a
strong increase in upward vertical velocity over the moist
columns with stronger aggregation in the domain. We also
observe a stronger low level subsidence over the dry re-
gions consistent with previous idealized modeling studies.
This increase in subsidence combined with the positive
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vertical MSE gradient at low levels contributes to anoma-
lous negative advection or anomalous drying of the dry
columns. This anomalous drying causes the weakening in
the moistening tendency over the dry columns discussed
above. In contrast, it is not easy to make out if the en-
hancement of upward vertical velocity over the moistest
columns is bottom or top heavy.

Vertical velocity profile changes are better visualized in
panel b in fig. [T0]which shows the anomalous vertical mo-
tion profile for the two driest and two moistest bins from
panel a. The anomalous vertical velocity plotted here is
the difference between the most and least aggregated com-
posites. Profiles from all four ocean basins are plotted for
easy comparison. Fig. [IOp clearly shows a ubiquitous
increase in low level subsidence in the dry columns in all

ocean basins with aggregation. In contrast, changes over
the moistest columns are not uniform. We observe that en-
hancement of upward motion has a relatively more bottom
heavy profile in the Western Pacific and Atlantic Ocean as
compared to Indian Ocean and Eastern Pacific. Bottom
heavy ascent can be associated with decreased drying ten-
dency due to vertical advection in the moist columns in
Western Pacific and Atlantic Ocean, whereas the relatively
more top heavy ascent strengthens the vertical advective
drying tendency of the moist columns in Indian Ocean
and Eastern Pacific basins. These differences in the moist
regions are consistent with changes observed in fig. [0}
Idealized modeling studies can disagree on what causes
the increase of low level subsidence in dry regions.
found this to be driven by enhanced low



level radiative cooling in dry regions, whereas (Holloway
and Woolnough|2016) found the low level circulation to not
be driven by radiative changes in their simulation. Under-
standing the exact relationship between vertical radiative
cooling profiles and its impact on circulation and organiza-
tion of convection is an open area of current research. Our
results support that such feedbacks are important for under-
standing maintenance of large-scale aggregation anoma-
lies.

4. Summary and Discussions

This study aims to establish a process oriented frame-
work to visualize and understand the aggregation of con-
vection in the real world. To do so, we utilized the spatial
variance of MSE over ocean-wide large domains as our
metric of aggregation. Defining aggregation based on the
spatial variance of MSE allows us to focus on aggrega-
tion in terms of its impact on the large-scale environment,
providing a different perspective to the one obtained from
studying aggregation through characterization of cloud or-
ganization. Also, the domain sizes in this study are much
bigger than the 10° x 10° boxes used in previous work.
This shifts the focus from aggregation at meso-scales to
aggregation at larger scales in this study.

We develop a new phase space to visualize the evolution
of aggregation in the form of the MSE variance phase
space. This framework puts domain MSE variance on the
x-axis (extent of aggregation) and the tendency of MSE
variance on y-axis (changes in aggregation). A composite
vector plot showing the evolution of aggregation on this
phase space highlights that aggregation in the real world is
a transient process in the form of continuous aggregation-
disaggregation cycles (fig. [2). This visualization naturally
encourages thinking about aggregation in real world as a
cyclical mode compared to thinking of aggregation as a
one-way process or as a quasi-stationary equilibrium state
based on the idealized model results.

Different terms of the MSE variance budget (Eq.
represent the different processes that can contribute to ag-
gregation or disaggregation. The different terms include
variance from vertical advection, horizontal advection, ra-
diative fluxes and surface fluxes. In this study, we fo-
cus on how these processes contribute to the maintenance
and propagation of the above mentioned aggregation-
disaggregation cycles. This is different from previous no-
tions of maintenance of aggregation which focus more on
maintenance of the mean aggregated state, while here we
focus on maintenance of aggregation anomalies about the
mean state. Contribution to propagation of the cycle rep-
resents what determines when the domain aggregates and
disaggregates.

Key features observed throughout different regions in
the tropics are listed below.
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* For the mean state (Fig. , we find surface fluxes and
horizontal advection tend to resist aggregation, while
radiative fluxes tend to support aggregation through-
out the tropics. Further, vertical advection does not
tend to resist aggregation. It either tends to support
aggregation or have close to zero impact on the mean
aggregated state in the different basins. Contributions
to the mean state are broadly consistent with previous
idealized modeling studies.

* Our results highlight that only the variance from hor-
izontal advection plays a role in determining when
the domain aggregates and disaggregates (Fig. @b).
Hence, horizontal advection acts as a driver for
aggregation-disaggregation cycles. All four budget
terms have a significant role in contributing to the
strength of aggregation anomalies.

Contribution to the strength of aggregation anomalies is
related to how the budget term feedbacks onto aggregation.
We find that surface fluxes and horizontal advection tend to
dampen aggregation anomalies more strongly with larger
anomalies, while radiative fluxes and vertical advection
tend to amplify aggregation anomalies more strongly (Fig.
Mh). We explore the advective feedbacks in greater detail
in this study. However, based on previous studies we ex-
pect increased air-sea enthalpy disequilibrium over the dry
regions during a more aggregated state to drive stronger
moistening tendencies by surface fluxes which will tend
to dampen the aggregation anomaly (Wing and Emanuel
2014; [Pope et al.|2023)). For radiative fluxes, we expect
increased high clouds and water vapor in the moist regions
to drive increased moistening which will tend to amplify
the aggregation anomaly (Pope et al.[2021} 2023).

We show that vertical advection broadly tends to moisten
the dry columns in the domain. However, as the domain
becomes more aggregated, we observe that vertical advec-
tion tends to moisten the dry columns less as compared to
the least aggregated states (Fig. [9). This tends to support
the existing aggregation anomalies in the domain. While
the change in vertical advection over the dry columns is
qualitatively consistently over all ocean basins, changes
over the moist columns can differ between the different re-
gions. Looking at the vertical velocity profiles reveals that
the low level subsidence over the drier columns is enhanced
across all ocean basins when the domain is more aggre-
gated which supports the weakening tendency to moisten
the drier columns (Fig. [I0). Moist columns instead show
differences in top heaviness of the enhanced ascending
profiles in different basins which can explain why changes
in vertical advection are not consistent across the basins
over different basins. Since the overall effect on variance
by changes in vertical advection qualitatively matches with
the effect of changes over the dry columns, we expect the
response in dry columns to be the more dominant mecha-
nism.
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Similarly, we observe that horizontal advection tends
to dry the moist columns more strongly as the domain be-
comes more aggregated in all ocean basins (Fig. [7). In con-
trast, changes in horizontal advection over the dry columns
are not consistent across the ocean basins. However, the in-
creased drying tendencies over the moist columns in more
aggregated states is larger in magnitude and explains the
increased tendency to damp the aggregation anomalies by
horizontal advection. The three-dimensional structure of
the horizontal circulation shows that anomalous horizon-
tal circulation changes in direction with aggregation. The
anomalous horizontal flow is from the dry to moist columns
in lower levels when the domain is more aggregated, and
is from moist to dry columns when the domain is less
aggregated.

Observation about the change in horizontal wind di-
rection in this study is also consistent with recent studies
presenting observational and theoretical evidence for hor-
izontal moisture gradient driven moisture modes (Mayta
and Adames-Corraliza|2023;/Adames-Corraliza and Mayta
2023). Similar to aggregation - disaggregation cycles,
these moisture modes were also found to be driven by hor-
izontal advection. As per this theory, presence of strong
moisture gradients in the domain spins up moisture mode
eddies which act to even out the moisture mode gradient
(Adames-Corraliza and Mayta|2023)). Therefore, the ex-
istence of strong eddy flow from moist to dry columns
should lead to small moisture gradients and a less aggre-
gated domain, while the absence of eddy flow should lead
to build up of strong moisture gradients and a more ag-
gregated state. This could be a possible hypothesis for
how horizontal advection can be driving the propagation
of the aggregation-disaggregation cycles and explain the
structure of horizontal circulation we observe in our re-
sults. If true, this suggests that large-scale aggregation
being observed here can be thought of in terms of a strong
ITCZ or Hadley cell circulation. Other non planetary scale
moisture modes then act as a disaggregation process. This
could be a significant change in how we think about aggre-
gation manifesting in the real world because traditionally
moisture modes were thought to be an example of aggre-
gation in the real world and not a part of the disaggregation
process. This also implies that aggregation at relatively
smaller scales like meso-scales within these wave modes
need not match with the state of aggregation at larger scales,
making the spatial scale of aggregation critically important
when comparing different studies and metrics.

Another interesting aspect of these results are the sim-
ilarities and differences with the expectations based on
idealized model studies. Our results show that while radia-
tive fluxes are important for maintenance of aggregation-
disaggregation cycles, that does not mean that they control
when the domain will aggregate or disaggregate. Rather,
that is governed by horizontal advection. Therefore, un-
derstanding horizontal advection and how that may change

with climate change will be an important factor in under-
standing aggregation under a changing climate, particu-
larly the frequency of aggregation. |[Wing (2019) discuss
how frequency of aggregation is important for its impact
on climate and extreme precipitation events in the real
world. The aggregation-disaggregation cycles we study in
this work are expected to relevant for understanding the
aggregation that is associated with precipitation extremes
since these are expected to be associated with anoma-
lously aggregated conditions. Hence, these aggregation-
disaggregation cycles are worthy of further study.
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