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Abstract

Great advances in our understanding of the climate have been made through utilis-
ing a hierarchy of models. In idealised models of the tropical climate, deep convection
can spontaneously cluster together, a phenomenon termed convective self-aggregation.
This clustering impacts the moisture and energy budgets and thus significant work has
been undertaken to gain a more complete understanding of self-aggregation and its im-
pacts on the climate. In particular, self-aggregation and convective organisation in the
real world present quite differently. Thus, a key open question is how self-aggregation
manifests in the real atmosphere. This thesis probes this question by incrementally
increasing the complexity of a general circulation model in a radiative-convective equi-
librium configuration to investigate the impact of an aerosol plume, a land continent,
and a meridional sea surface temperature (SST) gradient on self-aggregation.

The diabatic heating from the aerosol plume generates a large-scale, overturning cir-
culation, which forces convection to aggregate. However, despite the aggregation being
forced, self-generated feedbacks between clouds and longwave radiative fluxes are es-
sential for amplifying the aggregation. Thus, I postulate that self-aggregation feedbacks
could contribute to real-world convective organisation, even when aggregation is ini-
tially driven by external forcing. This hypothesis is reinforced when investigating the
impacts of land. A land-sea thermal contrast triggers a circulation which forces con-
vection to aggregate, but as before, self-aggregation feedbacks are necessary for this
to be maintained. Finally, I develop a novel budget for the variance in transient inte-
grated frozen moist static energy. This is used to show that self-aggregation feedbacks
also drive zonal organisation over a meridional SST gradient. This thesis consistently
highlights that self-aggregation feedbacks could be contributing to real-world convec-
tive organisation, whilst also showing that the inclusion of more realistic processes can
fundamentally alter the geometry, spatial and temporal scales of self-aggregation.
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1 Introduction and motivation

Science is fun. Science is curiosity. We all have natural curiosity. Science is a process of

investigating. It’s posing questions and coming up with a method. It’s delving in.
SALLY RIDE

1.1 Clouds in the climate system

Throughout history, clouds have inspired artists, writers, musicians, philosophers, and sci-
entists due to their ubiquitous presence in our skies. The omnipresent effects weather has
on people’s lives has led to centuries of discussion on clouds and why they form, dating
as far back as 3000 BC with the Upanishads philosophical writings on the formation of

clouds and rain.

A cloud is defined as particles of liquid water or ice, suspended in the atmosphere (Dunlop
2008). They form when moist air parcels rise and cool, allowing the water to condense on an
aerosol (Kohler 1936). An atmospheric aerosol is a microscopic solid or liquid particle sus-
pended in the atmosphere (Wallace and Hobbs 1977), with radii ranging between 0.001 to
10 um (Haywood and Boucher 2000). Direct generation of aerosols (primary aerosols) can

be through natural or anthropogenic processes, with natural emissions contributing 89%



of all emissions (Satheesh and Moorthy 2005). Additionally, aerosols can be formed indi-
rectly (secondary aerosols) often through atmospheric oxidation of precursor gases such as
sulphur into sulphate aerosols. Aerosols are removed from the atmosphere, either through
wet (e.g. precipitation) or dry removal (e.g. interaction with the Earth’s surface) (Haywood
and Boucher 2000). Within the troposphere, aerosols can live from minutes up to a couple

of weeks (Kaufman et al. 2002).

A key mechanism in which aerosols impact the climate is through their direct interactions
with radiation. All atmospheric aerosols scatter incoming solar radiation, while some also
absorb. Aerosols which primarily scatter radiation have a cooling effect, such as sulphate,
while strongly absorbing aerosols have a warming effect, such as black carbon. Forster
et al. (2021) estimate the effective radiative forcing' from aerosol-radiation interactions

be -0.3 £ 0.3 W m2,

Aerosols also interact with clouds, impacting cloud lifetime, albedo, and precipitation al-
though quantifying the magnitude and even the sign of these effects is highly challenging
(Forster et al. 2021). This thesis will not investigate aerosol-cloud interactions and so we

do not expand further on these effects here.

Clouds are found over a range of altitudes, from sea-level to the bottom of the stratosphere,
where different properties are associated with different cloud genera. For simplicity, the
International Cloud Atlas splits the troposphere into three levels - high, medium, and low -
due to the dependence of cloud properties on their height, and categorises the clouds into

ten main genera. A summary of these genera is shown in Figure 1.1.

At any time, clouds cover on average more than two thirds of the Earth’s surface (King et
al. 2013; Stubenrauch et al. 2013), and can be found almost anywhere within the Earth’s

troposphere. In addition to defining clouds by their height, we can also define them based

LEffective radiative forcing is defined as the change in net radiative flux at the top of atmosphere in
response to a climate forcing
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Figure 1.1. Cloud genera. Ci: cirrus, Cc: cirrocumulus, Cs: cirrostratus, Ac: altocumulus, As: altostra-
tus, Ns: nimbostratus, Cb: cumulonimbus, Cu: cumulus, Sc: stratocumulus, St: stratus. Source: World
Meteorological Organization

on their macrophysical properties. This was the approach taken by Lamarck (1802) and

Howard (1803), who defined the categories stratiform, cumulus, and cirrus.

Stratiform clouds - such as stratus, nimbostratus and stratocumulus - are typically layered
with a much greater horizontal extent than vertical, and have a lifetime of several hours
(Lohmann et al. 2016). They form when the lower-troposphere is very stable. This often
holds true over subtropical oceans, and so large stratiform cloud decks form extensively in
these regions. In general, they are associated with only light precipitation such as drizzle
(Wood 2014), although if thick enough (such as nimbostratus), heavier rainfall can occur.

Together, stratus and stratocumulus clouds cover around 30% of Earth’s surface.

Cirrus clouds are thin and wispy in appearance, and are purely composed of ice droplets



(Houze 2014). They can be formed through a number of different mechanisms, such as
the spreading anvils of deep convective cloud outflows (Mace et al. 2006), or through water
vapour deposition due to orographic or frontal lifting (Sassen et al. 2008). Cirrus clouds also
have a larger horizontal extent than vertical, and this combined with their ice composition

means they can appear almost transparent (Lohmann et al. 2016).

The Latin term cumulus means heap or pile, and when referring to clouds defines dense,
tower-Llike structured clouds which typically extend higher vertically than they do horizon-
tally (Houze 2014). Cumulus clouds are widely categorised as buoyancy-driven convection
in unstable environments. Updrafts form when a rising air parcel remains warmer than the
ambient air temperature. If the air is sufficiently moist, condensation and cloud droplet acti-
vation will occur, releasing latent heat and thus increasing the air parcel’s buoyancy, hence
allowing convection to develop (Lohmann et al. 2016). Shallow cumulus clouds typically
have vertical and horizontal extents close to 1 km, have a lifetime on the order of 10 to
60 minutes and consist only of liquid water droplets (Isaac 1986; Cotton et al. 2010; Houze
2014). With greater instability, shallow cumulus clouds can develop into taller convective
towers known as cumulus congestus. These can grow up to 6 km in height and have longer
lifetimes of up to an hour, but are still mainly composed of liquid droplets (Lohmann et al.
2016). With sufficiently strong updrafts, ice crystals start to form and the additional latent
heat released from the freezing of cloud droplets enhances vertical velocities and allows
cumulus congestus clouds to develop into deep convective cumulonimbus. Cumulonimbus
clouds typically extend to the top of the troposphere with anvil widths of tens of kilome-

tres and are associated with heavy precipitation and stormy conditions (Houze 2014).

Categorising clouds into their respective categories helps us to understand the different
effects they can have on our atmosphere. Clouds are a major part of the hydrological cycle,
providing precipitation to the Earth’s surface and transporting moisture through the atmo-

sphere (Lohmann et al. 2016). Additionally, clouds also have a large impact on our radiation
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budget. Clouds interact with both shortwave and longwave radiation and certain cloud
characteristics lead to differences in these interactions. In general, clouds’ high albedo
means they reflect incoming solar radiation, reducing the amount of radiative reaching the
surface which therefore has a cooling effect. Clouds can also absorb longwave radiation
emitted from the Earth, and re-emit at a lower temperature to space, which has a warming
effect. Typically, this greenhouse warming effect increases with height. High, thin clouds,
such as cirrus have a minimal shortwave radiative effect, but a large longwave effect, while
low stratocumulus decks impose a strong cooling, due to their strong shortwave radiative
effect. Using both satellite and in-situ observations, Wild et al. (2015, 2019) estimated the
warming associated with the global longwave cloud radiative effect at 28 W m~2 and the
cooling associated with the shortwave effect at 47 W m—2. Globally, this leads to an overall

cooling cloud radiative effect on the order of 20 W m—.

The response of clouds to climate change is one of the largest uncertainties in our under-
standing of how the atmosphere will behave under anthropogenic forcings. Indeed, current
estimates of the net cloud feedback? range from an overall cooling (negative) effect to an
overall warming (positive) effect. The latest (6th) assessment report (AR6) from the In-
tergovernmental Panel on Climate Change (IPCC) estimates that the net cloud feedback is
very likely to lie between -0.10 W m=2 °C~" to 0.94 W m~2 °C~! (Forster et al. 2021). Fig-
ure 1.2 details the current estimates for all climate feedbacks from IPCC ARG, as well as
from the Coupled Model Intercomparison Project (CMIP) phases 5 and 6. This clearly shows
that the uncertainty associated with cloud feedbacks dominates the total uncertainty in the
net climate feedback (Forster et al. 2021). Thus, this highlights why improving our under-
standing of cloud processes are vital for understanding the impacts of anthropogenically

forced climate change.

Defined as the change in top-of-atmosphere radiative flux resulting from the cloud response to warming
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Figure 1.2. Climate feedbacks calculated in IPCC assessment report 6 (AR6), and Coupled Model
Intercomparison Project (CMIP) phases 5 and 6. Source: IPCC AR6 (Forster et al. 2021)

1.1.1 Deep convection

As introduced above, convective clouds occur when atmospheric instability allows buoyant
air parcels to rise and condense. The typical life cycle of an individual deep convective cell
can be divided into three stages: early (cumulus) stage, mature stage, and dissipating stage
(Byers and Braham 1948; Emanuel 1994). During the early stage, anomalously buoyant air
parcels which form in an unstable atmosphere form vigorous updrafts. The temperature in
the updraft is greater than the temperature in the surrounding environmental air due to the
latent heat released from condensation and, if sufficiently vigorous, freezing. Towards the
end of the cumulus stage, precipitation begins to form. The mature phase is characterised
by more vigorous convective updrafts, raising the height at which freezing occurs through
the upward advection of warm near-surface air, and downdrafts associated with the heavy
precipitation. The most vigorous updrafts are in the middle of the cloud, which can slightly
overshoot the tropopause. Outside of the most vigorous updrafts, the height to which the

cloud can grow is capped by the temperature inversion at the tropopause, and so the new
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air lifted by the updrafts drives a horizontal divergence of the existing cloud water. This
divergence produces the characteristic anvil that spreads out from the top of the convec-
tive updrafts. During the mature phase, precipitation falls from the majority of the cloud
and extends to the surface. Downdrafts of cooler, denser air brought down towards the sur-
face, form under the cloud, driven by the re-evaporation of rain and the melting of falling
snow/hail/graupel. Upon reaching the surface, this air pocket spreads horizontally, forming
a cold pool, sometimes with a sharp leading edge which separates the cold, dense air from
the environmental air. The leading edge of a cold pool is frequently referred to as a gust
front, which is marked by strong local winds. As the cold pool spreads, it cuts off the sup-
ply of warm air to the convective cloud and moves the storm cloud into it’s third and final
stage: the dissipation stage. Here, the now stable sub-cloud air prevents the formation of
updrafts and so the dissipation stage is defined by the cloud only having downdrafts and no
updrafts. The cloud continues to precipitate, although less intensely than before. The re-
maining low-level cloud water is either precipitated out, or evaporated due to mixing with
the unsaturated environmental air. The icy anvil that formed due to the intense, mature
stage updrafts remains as a cirrus cloud (Byers and Braham 1948; Emanuel 1994; Lohmann

et al. 2016). This typical lifecycle of a deep convective cloud is depicted in Figure 1.3.

The lifetime of an isolated convective cell is typically between 30 minutes to an hour
(Emanuel 1994). However, if there is sufficient wind shear, the gust front may initiate new
convective cells at the edge of the cold pool as the cold dense air of the cold pool mechan-
ically lifts the warmer ambient air towards the level of free convection, with this happening
more readily with increasing wind shear. These new cells extend the lifetime of the storm
and transform the original single-cell storm into a multicell or supercell thunderstorm,
or eventually a mesoscale convective system (MCS). This happens as the wind shear hor-
izontally displaces the updrafts and downdrafts. This ensures the precipitating region is
separated, and therefore can no longer shut off the updraft (e.g. Weisman and Klemp 1982;

Rotunno et al. 1988; Emanuel 1994). With more cells forming close to each other, the con-
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Figure 1.3. Cross section of the three stages in the life cycle of a deep convective cloud. a) early
(cumulus) stage, b) mature phase, c) dissipating stage. Grey arrows dictate the direction of air flow
and black arrows on the vertical axis represent the strength of the horizontal winds. Grey,dashed line
show precipitation locations, thin solid lines surrounding these dashed lines represent the boundary
of the precipitation-cooled air. Source: Lohmann et al. (2016), adapted from Doswell (1985)

vection can begin to appear organised in space. Organised deep convection is the main

topic of this thesis and so will be introduced in more detail in Sections 1.2 and 1.2.1.

1.1.2 Climate models and their representation of clouds

Such is the complexity of the equations used to describe how properties of Earth’s atmo-
sphere evolve through time, numerical models are needed to solve them. These equations
describe the physical laws which conserve energy and mass and describe how tempera-

ture, pressure and winds change over time.

Climate models numerically solve these equations on vertical and horizontal grids. Global

climate studies typically make use of General Circulation Models (GCMs), which simulate a
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dynamic atmosphere. GCMs will also sometimes model a dynamic ocean and/or cryosphere,
however these can also be modelled through prescribed variables based on observations
to save computational resources. GCMs are typically run on a grid with horizontal spacings
of around 100 km. These scales are too large to resolve many processes, including clouds
and convection, and therefore require estimations of how sub-grid scale processes might
affect the grid-cell values. Schemes which do these estimations are called parameterisa-
tion schemes. GCMs are incredibly useful for understanding how the climate changes over
long periods of time and predicting how the atmosphere might respond to different climate
forcings, however there remain some issues with their abilities. For example, they can re-
alistically simulate the magnitude of global-mean precipitation, but accurately predicting
the different regional distributions of rainfall remains challenging (e.g. Grose et al. 2020;

Harvey et al. 2020; Tian and Dong 2020).

Modelling with a higher horizontal resolution is possible,and allows us to resolve individual
clouds and cloud processes, whilst sub-grid processes such as turbulence fluctuations are
still parameterised. These models are typically referred to as either cloud resolving models
(CRM) or large-eddy simulations (LES). CRMs are generally run with a resolution of around 1
km and are able to explicitly represent deep convective updrafts, whilst LES models are run
between approximately 10 m and 100 m and can resolve large-scale turbulence. Whilst re-
solving these processes is an improvement on the estimations made in GCMs, this comes at
a computational cost. Therefore, these models are typically unable to run on large domains
for a long time (Guichard and Couvreux 2017). Recent strides in computational resource
have allowed for increases in domain sizes. CRMs are now able to be run on global domains
(Satoh et al. 2008; Skamarock et al. 2012; Stevens et al. 2019) and super-parameterisation
techniques, where a CRM is embedded in each atmospheric column (Grabowski 2001; Ran-
dall et al.2003; Khairoutdinov et al. 2005), are becoming more frequent in studies. However,
whilst these types of simulations are now possible, their computational cost is still great

and so the need for the 'simpler’ GCM and CRM simulations remains.
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In addition to changing the resolution and domain size of a simulation, it is possible to
remove processes from a model to create a more idealised set-up. These idealised models
are incredibly useful for enabling scientists to answer fundamental questions about how
the atmosphere works. When discussing the need for a range of complexities in models,

Held (2005) wrote:

"On the one hand, we try to simulate by capturing as much of the dynamics as we
can in comprehensive numerical models. On the other hand, we try to understand

by simplifying and capturing the essence of a phenomenon in idealized models’.

He went on to identify the need for a climate model hierarchy in order to understand how
the dynamics of the climate system change as complexities are added or removed. He con-
cluded that this is especially important so that as a community we do not increase the gap
between our understanding of atmospheric circulation and the increasing complexity of
atmospheric models. However, Held was certainly not the first to postulate the need for
such a hierarchy. Schneider and Dickinson (1974) and Hoskins (1984) were some of the
first to advocate for a range of model complexities to provide a balance of model ability
and understandability. A recent review of climate model hierarchies highlighted particu-
lar atmospheric phenomena which have made great strides in progress due to the use of
different models (Maher et al. 2019). The large-scale tropical circulation and convective

organisation were among the topics which have effectively made use of model hierarchies.

One of the simplest models used to understand convection in the absence of a prescribed
or forced large-scale circulation is radiative-convective equilibrium. The basic principle of
the model is very simple - any imbalances caused by radiative cooling are balanced by con-
vective heating. To understand this more fully, we will begin with the concept of radiative
equilibrium. For this, the only method of heat transfer in the atmosphere is radiation, and

equilibrium is reached when energy is received and lost at the same rate through each layer
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of the atmosphere. If such a model is integrated to equilibrium, the resulting temperature
profile of the atmosphere is statistically unstable near the surface where the near-surface
temperature is too warm, upper tropospheric temperatures are too cold and the lapse rate is
also too big. To make the radiative equilibrium model more realistic, we can allow convec-
tive heating to redistribute energy vertically, thus leading us to the radiative-convective

equilibrium (RCE) model.

RCE was first proposed by Manabe and Strickler (1964) and Manabe and Wetherald (1967)
to describe the vertical temperature structure of the atmosphere, yet it has become increas-
ingly used as a simple model of the tropical atmosphere (Held et al. 1993; Tompkins and
Craig 1998; Robe and Emanuel 2001; Stephens et al. 2008; Khairoutdinov and Emanuel
2013; Wing et al. 2020). Its success at simulating the tropical atmosphere is due to the
negligible Coriolis force in the tropics (Jakob et al. 2019) and enables us to focus on the ba-
sic drivers of convection such as humidity, radiation, convective-driven circulation and sur-
face fluxes, without introducing complexities associated with the large-scale atmosphere.
Typical RCE simulations are run on an aquaplanet without planetary rotation, interactive
sea-surface temperatures (SSTs), or a diurnal cycle, and are simulated in a CRM. More re-
cently, GCMs with parameterised convection have been run in RCE, and Popke et al. (2013)
showed that RCE in a GCM provides a good analogue to the structure of the tropical circu-
lation. Becker (2018) showed that large-scale RCE in a GCM could be used to understand

how parameterised convection interacts with its environment across different scales.

Due to the plethora of interesting and useful scientific results found in RCE simulations,
Wing et al.(2018) designed the RCE model intercomparison project (RCEMIP). In this project,
over 30 models were run in both small and large domains over three different SSTs (295K,
300K, 305K). Both CRMs and GCMs were included in the project, and this allowed for a
comparison of how the RCE state varies across models,and which of its features are robust to

model choice. The main aims of the project were to understand the response of clouds and
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the climate sensitivity to warming in RCE and to investigate the phenomenon of convective

self-aggregation in RCE (see Section 1.2.1).

How is convection represented in a GCM?

One of the greatest challenges in climate system modelling is parameterising moist con-
vection (e.g. Randall et al. 2003; Arakawa 2004; Bony et al. 2015). The main aim of a con-
vective parameterisation scheme is to determine the tendencies of grid-box variables due
to convection which act at a sub-grid scale. There are three main tasks that a convec-
tive parameterisation scheme needs to accomplish: determine the occurrence and location
of convection onset (trigger condition), calculate the vertical distribution of heat, moisture
and momentum changes (the cloud model),and determine the amount of energy conversion
through water state changes (closure assumption). There are many different approaches to
parameterising convection, but the most common are mass-flux schemes (De Rooy et al.
2013). These are dynamic schemes which calculate the transfer of mass in the updrafts and
downdrafts between vertical levels. This requires a plume model to represent each convec-
tive plume within the grid-box. The most widely used method for this is a bulk mass-flux
scheme, where an approximate 'bulk plume’ is used to represent the sub-grid scale en-
semble of plumes. A key variable which is responsible for modifying the mass flux is the
rate of entrainment of environmental air. However, defining this entrainment rate can be
a source of significant uncertainty in the modelling of convection, and has been identified
as among the most sensitive model parameters in GCMs (Murphy et al. 2004; Klocke et al.
2011). A commonly used convection scheme, and the scheme used throughout this thesis,
is the Tiedke scheme with Nordeng updates, which is a mass flux scheme which predicts
either shallow, midlevel or deep convection using a bulk entraining-detraining plume as de-
scribed above. Closure for shallow and midlevel convection is based on the boundary layer

moisture convergence, whilst deep convection closure is based on the convective available
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potential energy (CAPE) (Tiedtke 1989; Nordeng 1994).

In addition to parameterising convection, the microphysical processes occurring within
clouds also must be approximated. These microphysics schemes describe a number of pro-
cesses, including cloud water and ice droplet growth, evaporation, freezing, melting, and
provide latent heating rates for the model’s dynamics. Microphysical properties, such as
the shape, distribution and size of droplets can also impact clouds’ radiative properties.
Modelling is further complicated by the sheer number of hydrometeors - liquid or ice wa-
ter particles - found in the atmosphere, which has been estimated at 108 m—3 of cloudy air

(Morrison et al. 2020), and the many different interactions between them.

There are two main types of microphysics schemes used in models: bin schemes and bulk
schemes (Khain et al. 2000). Bulk schemes use analytic functions to prescribe a particle
size distribution for different hydrometeors. Most early bulk schemes used only the mass
mixing ratio to describe the distribution (one-moment microphysics), however in the 1970s
two-moment microphysics schemes were created which also use the number concentration
along with the mixing ratio to define the hydrometeors (Morrison et al. 2020). The small
number of parameters in a bulk-scheme makes them more computationally efficient than
bin schemes. In bin schemes, each type of hydrometeor is described using size distributions
based on several tens of bins of particle mass. In contrast to bulk schemes, the shapes of the
size distributions in a bin scheme are not decided in advance, but are instead calculated

during model integration (Khain et al. 2000).

1.1.3 The interactions between clouds and circulations

For decades, it has been recognised that the large-scale circulation influences clouds. This
is visible on any picture of Earth from space, such as in Figure 1.4, where we can see comma-

shaped storm tracks in the mid-latitudes, and the band of deep convection in the tropics,
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known as the Intertropical Convergence Zone (ITCZ). However, through time it has become
more apparent that convection is not simply a passive tracer of our atmospheric circulations,
but indeed the convection is intrinsically influencing and shaping the circulations. In 1958,
Rhiel and Malkus used theory and observations to show that there is a net export of energy
out of of the ITCZ at high levels, and an associated low level moisture import providing an
energy source to the ITCZ. Therefore, they inferred that there must be an upwards energy
transfer within the ITCZ. They concluded that deep convection is the primary mechanism
for this upward energy transport, a conclusion that holds true over 50 years later. The ITCZ
is one aspect of a much larger circulation known as the Hadley circulation: the rising air in
the ITCZ to forced to diverge poleward once it reaches the tropopause, transporting energy
away from the tropics aloft. Due to the conservation of angular momentum, the now cool,
dense air begins to subside in the subtropics (Held and Hou 1980) before returning towards

the tropics at the surface, advecting moisture along the way.

This highlights just one of the roles convection plays in influencing the large-scale atmo-
spheric circulation. The moisture that convection transports is another key role for deep
convection, this time within the atmospheric water cycle. The precipitation associated with
convection, particularly in the tropics, brings freshwater - the most essential resource for
human life on the planet (Mekonnen and Hoekstra 2016; Djehdian et al. 2019). It provides
water for drinking as well as for agriculture and industry. The ITCZ alone provides 32% of
global precipitation (Kang et al. 2018). However, too much or too little precipitation can
cause disaster through flooding or droughts, and so changes in clouds and their associated
precipitation could be catastrophic for much of the world’s population. The IPCCAR6 stated
with very high confidence that climate change will drive an increase in extreme precipita-
tion events, but also that the severity of droughts will increase (Douville et al. 2021). It is
not just the frequency and severity of precipitation extremes that will have a large impact.
The position of the ITCZ and how it will change with future warming is not well under-

stood (Douville et al. 2021), and there remain considerable inconsistencies in the regional
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Figure 1.4. A series of snapshots stitched together from NASA Worldview (https://worldview.earth-
data.nasa.gov/) on 26/11/2022 showing Visible Infrared Imaging Radiometer Suite (VIIRS) and Mod-
erate Resolution Imaging Spectroradiometer (MODIS) satellite imagery of Earth.

response of precipitation across climate models (Kent et al. 2015; Oueslati et al. 2016). As
such, there is a need for improving our understanding of how convection and circulations

interact. Indeed, the importance of this was highlighted recently as a grand challenge of

climate science (Bony et al. 2015), with the authors stating that

"Fundamental puzzles of climate science remain unsolved because of our limited

understanding of how clouds, circulation and climate interact.”

1.2 The organisation of deep convection

In Section 1.1 we discussed the ways a deep convective cloud develops. Sometimes these
clouds will grow, precipitate, then evaporate away, spending the clouds’ lifetime as a sin-

gle convective tower. However, the most severe storms happen when these clouds develop
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into multicell, organised systems. Organised storms like this are referred to as mesoscale-
convective systems (MCS) and are on the order of at least 100 km in horizontal scale (Houze
2014). They are incredibly important for the climate system, as they provide a significant
proportion of the global mean precipitation amount and tropical cloudiness (Houze 2014,
Tan et al. 2015). MCSs can occur year-round in the tropics, or in the mid-latitudes dur-

ing the warmer months.

There are a variety of forms that MCSs can take with different shapes and spatial scales, de-
pending on the environmental conditions in which they form. Squall lines, tropical cyclones,
and mesoscale convective complexes (MCCs) are all examples of MCSs. Even on the plan-
etary scale, the Madden-Julian Oscillation, an eastward propagating planetary envelope of
convection, is organised with intense convection and precipitation in its active phase,and a
suppression of convection to both the east and west (inactive or suppressed phase) (Madden
and Julian 1971, 1972). All of these systems have a large, contiguous precipitation area of
at least 100 km, although the shape of this will vary between systems. Squall lines typically
form a long, narrow band of precipitation, whilst the MCCs tend to be more circular. MCSs
persist for much longer than an isolated deep convective cloud and can precipitate for a
number of days (Houze 2014). The precipitating region distinctly splits into an intensely
convecting region with stronger precipitation, and a stratiform region with lighter, more

uniform precipitation (Houze 1977; McAnelly and Cotton 1989; Houze et al. 1990).

MCCs are typically defined by their large (>10° km?), long-lasting (>6 hours), cold contigu-
ous cloud shield (Maddox 1980; Laing and Fritsch 1997) and are associated with severe
weather and significant rainfall (Maddox 1980; Fritsch et al. 1986; McAnelly and Cotton
1989). Laing and Fritsch (1997) compiled a global database of MCCs in order to identify
common characteristics of the large-scale cloud clusters. They found that the majority of
the MCCs occur over land and at night, however oceanic systems tend to be larger and

longer lived. Typically, the most active areas for MCCs are those with warm oceanic tem-
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peratures, orographic lifting, and low-level convergence (Velasco and Fritsch 1987). Whilst
these studies focused on globally distributed MCCs, Machado and Rossow (1993) studied
more specifically tropical cloud clusters to examine their features and cloud properties.
Machado and Rossow also found a preference for tropical cloud clusters to form over land
and used a radiative transfer model to determine that clusters cause a local decrease in
radiative cooling due to their associated large, cold anvil. There is now also observational
evidence that the climate state depends on the degree of clustering (Tobin et al. 2013). To-
bin et al. (2012) used different metrics of organisation to conclude that a more organised
scene leads to reduced area-averaged humidity, higher surface fluxes, less outgoing long-
wave radiation, and more reflected shortwave radiation. Tropical cloud clusters are also
recognised as precursors to tropical cyclones in the right conditions with 6.4% of clusters

developing into tropical cyclones per year (Hennon et al. 2013).

Over the past three decades it has been observed that the frequency of organised convec-
tion is increasing (Tselioudis et al. 2010; Tan et al. 2015; Wodzicki and Rapp 2022). With
climate change driving changes in precipitation, studies have generally found that this fol-
lows a 'wetter gets wetter’ and ‘drier gets drier’ pattern (e.g. Held and Soden 2006; Chou
et al. 2009; Allan et al. 2010; Chou et al. 2013; Huang et al. 2013; Liu and Allan 2013).
Tan et al. (2015) investigated these precipitation changes with respect to organisation and
found that increases in organised convection frequency is driving the increase in tropical
precipitation. However, understanding the effect of climate change on different types and
features of organised convection is difficult. Under climate change it is thought that tropi-
cal cyclones are likely to increase in intensity and precipitation rate, but there is currently
no agreement on whether their frequency will decrease as many models predict (e.g. Sugi
et al. 2002; Oouchi et al. 2006; Sugi et al. 2009; Knutson et al. 2010; Murakami et al. 2012;
Emanuel 2013; Murakami 2014; Yoshida et al. 2017; Knutson et al. 2020). The MJO is also
expected to change with climate change. Models have predicted that MJO activity should

increase in a warming climate (e.g. Caballero and Huber 2010; Arnold and Randall 2015),
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which seems to be consistent with observations that the number of MJO events has lin-
early increased over the past 50 years (Jones and Carvalho 2006). Ultimately, more work
is required to increase our understanding of how different forms of organised convection

interact with climate change.

1.2.1 Convective self-aggregation

An interesting phenomenon, first discovered when running two-dimensional CRMs in RCE,
is the tendency for convection to spontaneously cluster together: this is known as con-
vective self-aggregation (Held et al. 1993). This clustering occurs in these numerical sim-
ulations in the absence of any inhomogeneities in the boundary conditions and forcings,
and therefore has sparked much interest within the convective organisation field in the
last two decades. Self-aggregation has since been simulated in a wide range of models in
an RCE configuration, from limited-area two- and three-dimensional CRMs (e.g. Grabowski
and Moncrieff 2001; Tompkins 2001a,b; Bretherton et al. 2005; Khairoutdinov and Emanuel
2010; Muller and Held 2012; Wing and Emanuel 2012; Abbot 2014; Emanuel et al. 2014;
Wing and Emanuel 2014; Muller and Bony 2015; Hohenegger and Stevens 2016; Holloway
and Woolnough 2016; Wing and Cronin 2016; Becker et al. 2017; Tompkins and Semie
2017; Hohenegger and Stevens 2018; Yang 2018a; Wing et al. 2020), to GCMs with param-
eterised convection (e.g. Su et al. 2000; Held et al. 2007; Popke et al. 2013; Becker and
Stevens 2014; Coppin and Bony 2015; Reed et al. 2015; Bony et al. 2016; Pendergrass et al.
2016; Coppin and Bony 2017; Arnold and Putman 2018; Becker 2018; Wing et al. 2020),
and global CRMs with either super-parameterised or explicit convection (e.g. Satoh and
Matsuda 2009; Arnold and Randall 2015; Wing et al. 2020). Examples of self-aggregation
in CRMs and GCMs are shown in Figures 1.5 and 1.6. Unlike many of the types of convective
organisation introduced thus far, self-aggregation is not forced by any external mechanism

such as wind shear or SST gradients and recently, Bony et al. (2015) identified that under-
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standing the role aggregation plays in climate is one of the four key themes within the

cloud-circulation grand challenge.

In addition to it's geometrical features, self-aggregation also has impacts on the large-scale
climate state of the model’s domain. With increasing aggregation, the domain partitions
into intensely convecting moist patches, surrounded by extremely dry areas (Bretherton et
al. 2005). Typically, the dry areas expand to cover over 50% of the domain (e.g. Coppin and
Bony 2015; Bony et al. 2016; Becker et al. 2017), leading to an overall drying of the domain-
mean humidity and a broadening of the moisture distribution, increasing the horizontal
variance of column-integrated humidity. The drying occurs throughout the atmospheric
column, but peaks in the mid-troposphere (Bretherton et al. 2005; Wing et al. 2016). The
increase in spatial coverage of dry regions, and these dry regions’ enhanced dryness also
makes the domain more efficient at radiating longwave radiation (Muller and Held 2012;
Tobin et al. 2012, 2013; Wing and Emanuel 2014; Wing and Cronin 2016; Stein et al. 2017;
Wing et al. 2020), and drives an increase in surface enthalpy fluxes. Additionally, when
convection is self-aggregated, a smaller fraction of the domain is convecting, leading to a
reduction in high cloud fraction (e.g. Wing and Cronin 2016; Cronin and Wing 2017; Bony
et al. 2020; Wing et al. 2020; Zhang et al. 2021).

Self-aggregation is also associated with a domain-mean warming of several degrees, es-
timated to be between 1-7 K by the RCEMIP ensemble (Wing et al. 2020). This is due to
the locally moister environment in which air parcels are convecting in. The locally warmer,
moister boundary layer pushes the air parcels’ ascent onto a warmer moist adiabat (Wing
2019). Additionally, the locally moister free troposphere reduces the influence of entrain-
ment, again driving the convection towards the moist adiabat (Tompkins 2001c; Singh
and O'Gorman 2013; Wing and Cronin 2016; Tompkins and Semie 2017). In tropical at-
mospheres, gravity waves rapidly propagate due to the low Coriolis force and thus large

Rossby deformation radii. Therefore, we can assume that horizontal anomalies in temper-
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Figure 1.5. Self-aggregation in different cloud-resolving models (CRMs): hourly averaged outgoing

longwave radiation (W m~2) at Day 80 of the long-channel CRM simulations participating in RCEMIP.

Each panel displays a different model and the size of each panel represents the domain size, which

varies slightly across models. Simulations were performed for a 300K sea-surface temperature. From

Wing et al. (2020), Figure 4.
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Figure 1.6. Self-aggregation in different general circulation models (GCMs): hourly averaged out-
going longwave radiation (W m2) at Day 80 of the GCM simulations participating in RCEMIP. Each
panel displays a different model. Panels a)-k) show GCMs with parameterised convection, panels
1)-n)are global cloud-resolving models that employ reduced Earth radius (rg) of r¢/8, re/4, and r¢/4,
respectively, and are shown to scale and, in the box, zoomed in. Simulations were performed for a
300K sea-surface temperature. From Wing et al. (2020), Figure 6

ature and density are approximately zero (Sobel and Bretherton 2000; Sobel et al. 2001).
This is known as weak temperature gradient (WTG) approximation. Thus the locally warmer
temperature profile in the convecting region is propagated across the domain, raising the
domain-mean temperature. The combination of these large-scale effects show that self-
aggregation can have large impacts on the energy budget, especially due to the changes in
cloud and moisture distributions (e.g. Khairoutdinov and Emanuel 2010; Cronin and Wing

2017; Becker and Wing 2020; Muller et al. 2022).

Additionally, self-aggregation drives changes in the hydrological cycle. Precipitation is on

average approximately 0.75 mm day~' greater in aggregated simulations, which is energet-
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ically consistent with increased atmospheric radiative cooling and increased surface fluxes
(Wing et al. 2020). Perhaps more interestingly, aggregation has also been shown to impact
the intensity of extreme precipitation events (Pendergrass 2020). Studies in RCE have shown
that when organisation increases with warming, so do extreme rain rates (Pendergrass et al.
2016; Bao et al. 2017), although this can depend on the model used and the simulation de-
sign (Fildier et al. 2017; Pendergrass 2020). This increase in precipitation extremes occurs
due to the persistence of convection, both temporally and spatially, when aggregated (Colin
et al. 2019; Masunaga and Mapes 2020), which allows for large amounts of rain accumula-

tion even if instantaneous rain rates remain the same (Bao and Sherwood 2019).

Many of the early self-aggregation studies used non-rotating, square domains with size
lengths on the order of 100s of kilometers. In such studies, convection tends to aggregate
together into one large cluster, covering ~20-25% of the domain (e.g. Bretherton et al. 2005;
Muller and Held 2012; Wing and Emanuel 2014; Muller et al. 2022). Grabowski and Mon-
crieff (2001) also found that convection could aggregate into multiple clusters of different
scales when a much larger (20,000 km side length) domain was used. Since these stud-
ies, aggregation has been simulated in a range of domain sizes, leading to many different
numbers and scales of clusters being found. This is best exemplified in the results from
RCEMIP. Figures 1.5 and 1.6 show how convection spatially organises itself in 34 different
models and configurations. There is currently no agreed theory for what sets the spatial
scale of aggregation (A), although there is an increasing body of work investigating this.
Wing and Cronin (2016) theorised that A is determined by boundary layer height, surface
moisture exchange and surface warming. However, Yang (2018b) found that A varies non-
monotonically with surface temperature and instead suggested that A is determined by
boundary layer height and boundary layer buoyancy variations and found that the horizon-
tal buoyancy differences were driven by the virtual temperature effect®. Whilst these two

theories differ, they do agree on the importance of density and moisture variations in the

3The effect of humid air being lighter than dry air under the same temperature and pressure conditions,
which allows cold, humid air to rise
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boundary layer in determining convective aggregation’s spatial scale. Additionally, Beucler
and Cronin (2019) recently developed a budget for the size of self-aggregation, relating the
evolution of A to the physical mechanisms driving the aggregation process. Similarly to the
spatial scale, what sets the time scale of aggregation also remains an open question. In
studies with constant SSTs and incoming solar radiation, it typically takes O(10 days) for
self-aggregation to emerge (Muller et al. 2022), but the factors driving this time scale are

less well known, as is how this time scale varies under different modelling scenarios.

As previously alluded to, the properties of self-aggregation are highly dependant on the
model and simulation design used. Some of the largest contributors to self-aggregation
variability are model resolution, domain-size, sub-grid scale process schemes, and SST.
Bretherton et al. (2005) identified that self-aggregation seemed to display a domain size
dependency; in their study a 384 km domain was necessary for aggregation to occur. Fol-
lowing this, Khairoutdinov and Emanuel (2010) also found that a sufficiently large domain
was required for convection to aggregate. Muller and Held (2012) undertook a detailed
investigation of this domain size dependency. They found that aggregation only occurs on
large domains, with a side length of at least 200 km. Other studies have also found that
the spatial scale of aggregation can be dependent on domain size (Su et al. 2000; Arnold
and Randall 2015; Arnold and Putman 2018; Patrizio and Randall 2019). This dependency
has been attributed to models’ representation of low clouds and cold pools (Jeevanjee and
Romps 2013; Muller and Bony 2015; Silvers et al. 2016). In addition to this domain size de-
pendency, self-aggregation also displays a model resolution dependency. Muller and Held
(2012) found that aggregation only occurs with horizontal model resolutions of 2 km or
more, hence aggregation seems to favour coarser resolutions. However, they also found
that if a simulation was started from aggregated initial conditions, aggregation could be
maintained regardless of resolution, provided the domain was large enough. In their study,
Muller and Held (2012) attribute the sensitivity of aggregation to resolution and domain

size to the sensitivity of the distribution of low clouds to these two parameters. Tomp-
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kins and Semie (2017) found that the model resolution dependency is likely due to how
the resolution impacts the sub-grid scale representation of water vapour horizontal mix-
ing. Additionally, Arnold and Randall (2015) showed that aggregation is sensitive to the
entrainment rate, typically set within the convective parameterisation scheme. The authors
found that aggregation increased with increased entrainment, a result which was also found
by Becker et al. (2017), with the latter study highlighting that this could help to explain the

temperature dependencies some self-aggregation feedbacks have.

Early studies of self-aggregation postulated that the degree of aggregation appeared to
show a surface temperature dependence (Held et al. 1993; Khairoutdinov and Emanuel
2010; Emanuel et al. 2014; Wing and Emanuel 2014). In particular, Khairoutdinov and
Emanuel (2010) showed that aggregation only occurred above a threshold SST. However,
subsequent studies have disproved this, with models showing aggregated convection at
a range of surface temperatures (Coppin and Bony 2015; Bony et al. 2016; Holloway and
Woolnough 2016; Wing and Cronin 2016; Coppin and Bony 2017; Cronin and Wing 2017;
Wing et al. 2020), with Abbot (2014) even finding aggregation in a snowball Earth* simu-
lation. Understanding the temperature dependence of self-aggregation is one of the key
themes in RCEMIP. In the initial summary paper from the project, Wing et al. (2020) found
that self-aggregation displayed no consistent response to an increase in surface tempera-
ture, with approximately half of the included models showing a net increase in aggrega-
tion with warming and the other half showing a net decrease. Although, Becker and Wing
(2020) did note that GCMs almost always shown an increase in aggregation with warm-

ing in the RCEMIP ensemble.

“a hypothesis where the Earth was historically covered in kilometre thick ice
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1.2.1.1 Maetrics of aggregation

Akeydifficulty in aggregation studies is using a metric to quantify the degree of aggregation.
There are three key types of metrics: humidity indices, spatial metrics and the subsidence

fraction. They each represent different features of self-aggregation (Wing 2019).

Humidity based indices use the property that self-aggregation broadens the moisture dis-
tribution within the domain. A commonly used example of this metric group is the variance
of column relative humidity (CRH; oZg,,): as convection aggregates, the moist regions get
wetter, and the dry regions dry leading to an increase in 02, (Wing and Cronin 2016). The
advantage of this metric is that it is defined on one of the key properties under which aggre-
gation can impact the climate. The broadening of the moisture distribution is what drives
changes in the atmospheric radiative cooling, and so comparing o%y,, for different simula-
tions is a good way to distinguish potential energy budget changes. However, a drawback
of using this humidity based index and similar others, is the lack of a defined threshold
above which convection can be defined as aggregated. Instead, it is better used to compare
between different simulations and make conclusions based on their relative degree of ag-
gregation. Other examples of humidity-based indices are the variance of column integrated

frozen moist static energy and the interquartile range of column relative humidity.

The second type of index are geometrical indices, of which the most prominent is the or-
ganisation index (L,¢) (Tompkins and Semie 2017). This metric compares the spatial or-
ganisation of convection to a random distribution. Therefore, this metric has the advantage
of providing a theoretical definition and threshold above which convection can be defined
as aggregated. In RCEMIP, different metrics were calculated for all the model simulations.
In doing this, Wing et al. (2020) noted that I,,4 could be sensitive to nuances in calcula-
tion parameters, particularly in GCM simulations. They suggest that I, may not be the

best metric to use when investigating GCM output, and that the typically used aggrega-
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tion threshold of I,y = 0.5 may be unsuitable in these models. Other geometrical indices
have also been proposed. The Simple Convective Aggregation Index (SCAI) was proposed
by Tobin et al. (2012) which measures clustering using a combination of cluster number
and inter-cluster distance. However, SCAI does not take into account cluster size. There-
fore, White et al. (2018) developed the Convective Organisation Potential (COP) which takes
into account the distance between clusters and cluster radii to calculate the interaction

potential of convective systems.

The final type of metric is the subsidence fraction (fs.,; Coppin and Bony 2015). As in-
troduced above, when convection aggregates, the convecting area covers approximately
20-25% of the domain, with the remaining area of the domain covered by large-scale sub-
sidence. The subsidence fraction metric uses this result to define that if f,,, > 0.5, the

simulation can be considered aggregated.

In their comprehensive RCEMIP summary, Wing et al. (2020) compared &g, Lorg, and fsup
for each participating model. They showed that the metrics were often inconsistent with
one another, both in determining which models had the highest degree of aggregation, and
especially in determining a model’s self-aggregation response to surface warming: 53% of
models had disagreement in the sign of the change in degree of aggregation as the SST
was increased. The need for improved metrics has been repeatedly suggested (Wing 2019;

Jin et al. 2022; Muller et al. 2022).

1.2.1.2 The mechanisms of aggregation

In addition to understanding the ways in which self-aggregation impacts the large-scale
climate state of a simulation, a significant amount of research has gone towards under-
standing the physical mechanisms behind self-aggregation. Studies have identified multi-

ple processes involving interactions and feedbacks between radiation, surface fluxes, mois-
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ture and convection which are able to encourage convection to form in the close vicinity

of existing convection.

One popular diagnostic framework for diagnosing these feedbacks is the frozen moist static
energy (FMSE) variance budget, first employed for self-aggregation by Wing and Emanuel
(2014). This framework exploits the fact that FMSE is conserved under moist adiabatic

processes, including during phase changes in water. We start by defining the FMSE:
h=gz+ C,T+L,qy — Lqice (1.1)

where gz is the geopotential, C, is the specific heat capacity of dry air, T is the temper-
ature, L, is the latent heat of vaporisation, q, is the water vapour mixing ratio, L; is the
latent heat of fusion, and qic. is the ice mixing ratio. The density-weighted integral of

h is also defined as:

. Ztrop
h= J hpdz (1.2)
0

where p is the air density and z,,, is the height of the troposphere. FMSE is useful in con-
vective aggregation studies as it remains constant under mass-weighted integrals, but can
be redistributed by convection. Due to WTG in tropical atmospheres (Sobel et al. 2001), it is
assumed that increases in h are dominated by changes in humidity. Therefore, as aggrega-
tion increases and broadens the domain’s moisture distribution, there is also an increase in
the variance of FMSE (crzﬁ) making this a useful diagnostic of aggregation. Additionally, the
mass-weighted integral of FMSE can only be changed by radiation, surface fluxes, and ad-
vection. Therefore, following Wing and Emanuel (2014), it is useful to begin by examining

the budget equation for h:

~

oh
3¢ = NetSW + NetLW + SEF — Adv. (1.3)
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Here, a variable [-] indicates a density-weighted vertical integral. NetLW and NetSW are
the column convergences of longwave and shortwave radiative fluxes respectively. They

are defined as:

NetLW = LW,;. — LWioa (1.4)

NetSW = SWioq — SWire, (1.5)

where [-]st. and [];,q are the net fluxes at the surface and top-of-atmosphere respectively.
Longwave fluxes are defined to be positive upwards and shortwave fluxes are positive
downwards. The surface enthalpy flux (SEF) is defined as the sum of the latent heat flux

(LHF) and sensible heat flux (SHF), which are both defined by the standard bulk formulae:

LHF = pceLLU(qT, — gv) = pceLUAq (1.6)
SHF = pCHCpu(Ts —Td) = pCHCpU.AT (1.7)
SEF = LHF + SHF (1.8)

Adv is the horizontal convergence of the density-weighted vertical integral of the flux of
FMSE (equivalent to —V, - uim). For equations 1.6 and 1.7 p is the air density at lowest
model level, ce is the latent heat exchange coefficient, U is the surface wind speed, q7,
is the saturation water vapour mixing ratio at the surface temperature, g, is the water
vapour mixing ratio at lowest model level, cy is the sensible heat mixing coefficient, T;
is the surface temperature, and T, is the air temperature at lowest model level. To derive
the budget for the spatial variance in vertically integrated FMSE, we simply subtract the

horizontal mean of equation 1.3 from its full form. This gives us

10h”2

S50 = h'SEF + h/NetLW’ + h/NetSW’ — h'Vy, - uh (1.9)
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In Eq 1.9, primes denote the anomaly from the horizontal mean. The first three terms on the
right-hand side of equation 1.9 are the correlations of anomalies in the integrated FMSE,
h’ with the anomalies of the diabatic sources and sinks of FMSE. We refer to H’Vh . uh
as the advective term. As magnitudes of h’2 vary considerably through time, equation 1.9
is often normalised by the domain-mean ofcr]%L to give growth rate units of day™' (Wing

and Cronin 2016).

As aforementioned, increases in self-aggregation are associated with increases in Gfl, thus
processes which act to increase 0‘%1 favour aggregation. Therefore, from equation 1.9 if a
feedback term is positive, that means there is either an anomalously high FMSE source in
an anomalously high FMSE region, or anomalously low FMSE source in an anomalously low
FMSE region. Therefore, the relevent feedback will be increasing FMSE in already moist
regions (and vice versa), and so driving an increase in O'%L,thUS favouring aggregation. How-
ever, whilst this method can effectively diagnose the direct effect of radiative and surface
flux processes, it cannot explicitly diagnose the effects of radiatively-driven circulations,
or other dynamical contributions. These effects are combined into the advective feedback
term. Additionally, as the budget is vertically integrated, it is also unable to vertically-
resolve shallow circulations, or the sensitivity to radiative flux profiles. Again, these are
indirectly included in the advective term, as they determine the circulation response (Wing
et al.2017). Other methods to diagnose feedbacks have been proposed in recent years, such

as the available potential energy (APE) budget (Yang 2018b).

Another popular method by which mechanisms can be identified is through mechanism
denial tests. For this, a feedback in the model is prevented and thus we can test the sensi-
tivity of aggregation to removing that feedback. Muller and Held (2012) use this method to
test aggregation against feedbacks diagnosed from the vertically integrated FMSE budget
(equation 1.3). They achieved this by horizontally homogenising various fields to remove

horizontal gradients which could be influencing the aggregation. Findings from Muller and
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Held (2012), Wing and Emanuel (2014), Yang (2018b) and other mechanism studies will be

summarised by feedback below.

Longwave radiation

One consistent result from studies which have investigated the mechanisms behind self-
aggregation, is the importance of the interactions between radiative heating and atmo-
spheric humidity. In particular, the longwave radiative feedback is regularly identified as
the most important for self-aggregation to occur (e.g. Tompkins and Craig 1998; Bretherton
et al. 2005; Muller and Held 2012; Abbot 2014; Wing and Emanuel 2014; Arnold and Ran-
dall 2015; Coppin and Bony 2015; Muller and Bony 2015; Holloway and Woolnough 2016;
Arnold and Putman 2018; Beucler et al. 2018; Yang 2018b; Pope et al. 2021).

This feedback was initially identified as essential to self-aggregation by Muller and Held
(2012). Through horizontally homogenising longwave radiative heating rates, the authors
found that in the absence of interactive longwave cooling convection did not aggregate in
any of their simulations. Further, they found that it was the longwave cooling near the top
of low clouds in the dry regions which was responsible for the onset of self-aggregation.
They attribute this feedback to the upgradient transfer of FMSE which this low-level cooling

drives (this will be discussed in more detail in the Advective processes section below).

There is broad agreement that it is the interactive longwave cooling in the dry regions of the
domain which drives the aggregation of convection (Coppin and Bony 2015). This triggers
aggregation in two ways: the first is due to the longwave cooling decreasing FMSE in the
driest regions of the domain, and the second, indirect effect is that the enhanced longwave
cooling drives a circulation from the dry to moist regions, transporting FMSE upgradient.
Both effects work to suppress convection in the dry regions and enhance convection in the
moist regions, therefore aggregating the convection (Wing et al. 2017). It is not always

the case that the dry regions will have enhanced longwave cooling - this is dependent on
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the temperature, clouds, and vertical humidity structure (Emanuel et al. 2014; Beucler and
Cronin 2016). Also, the upgradient transport of FMSE is also dependent on the vertical
structure of the radiative cooling anomalies (Muller and Held 2012). The FMSE variance
budget has shown that both the clear- and cloudy-sky components of the direct longwave
feedback are often large and positive at the beginning of simulations which aggregate, and
therefore important in driving the initial aggregation of convection (Wing and Emanuel

2014; Holloway and Woolnough 2016; Wing and Cronin 2016; Pope et al. 2021).

An increasing body of work is elucidating the role of the vertical distribution of longwave
cooling. Muller and Held (2012) argued that the combination of strong longwave cooling
from the top of shallow clouds in dry regions and reduced longwave cooling by high clouds
in moist regions creates differential cooling between moist and dry regions. The strong
cooling in dry regions caused subsidence, while there is convection is the moist regions.
This generates a low-level circulation in the boundary layer regions which transports FMSE
from dry to moist regions (i.e. upgradient). Other work has also highlighted the importance
of the boundary layer in aggregation (Jeevanjee and Romps 2013; Muller and Bony 2015;
Naumann et al.2017; Yang 2018b). Yang (2018b) performed mechanism denial experiments
where the radiative cooling rates were horizontally homogenised in the boundary layer and
free troposphere separately. The authors found that when the homogenisation happened
in the boundary layer alone self-aggregation was suppressed, whilst with homogenisation

in the free troposphere only, self-aggregation still occurred.

Importantly, in both Muller and Held (2012) and Wing and Emanuel (2014) it was shown
that the relative importance of different feedbacks changes as the simulations progress.
Muller and Held (2012) investigated the role of feedbacks through mechanism denial ex-
periments which were started from both disaggregated and aggregated initial conditions.
They found that aggregation exhibited a hysteresis property: once convection aggregates,

it remains aggregated, even in the absence of feedbacks which are essential for driving the
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aggregation. When simulations were initialised from disaggregated initial conditions, the
longwave feedbacks were necessary for convection to aggregate. However, when simula-
tions were initialised from already aggregated conditions, convection remained aggregated,
even when the longwave fluxes were homogenised. Studies using the FMSE variance bud-
get have also confirmed that the importance of the longwave feedback appears to change
through time, typically reducing in magnitude or sometimes even changing in sign from a

positive to a negative feedback (Wing and Emanuel 2014; Beucler and Cronin 2019)

Shortwave Radiation

In FMSE variance budget analysis, the direct shortwave feedback is found to be positive.
This is driven by shortwave absorption by water vapour, which is anomalously high (low) in
moist (dry) regions. The cloudy-sky feedback can be positive or negative, but is generally
negative after convection has aggregated due to the reflection of shortwave from high
clouds (Wing and Emanuel 2014; Holloway and Woolnough 2016; Wing and Cronin 2016),

and of much lower magnitude than the clear-sky effect.

Contrastingly, in mechanism denial tests Muller and Held (2012) found that the shortwave
feedbacks actually opposed aggregation. The key difference between FMSE budget analy-
sis and mechanism denial experiments is that the latter also removes the indirect effects
of a feedback. Therefore, Holloway and Woolnough (2016) hypothesised that the oppos-
ing feedback in Muller and Held (2012) was due to the circulations forced by shortwave

anomalies in the moist columns.

Surface fluxes

Current research suggests that surface flux feedbacks are not essential for aggregation to
occur (Tompkins and Craig 1998; Bretherton et al. 2005; Muller and Held 2012). Through
sensitivity mechanism denial tests, Muller and Held (2012) found that, despite aggrega-

tion still occurring when surface flux feedbacks were removed, these feedbacks do still



1.2. The organisation of deep convection 35

favour self-aggregation: fewer simulations aggregated when the surface fluxes were ho-
mogenised. Holloway and Woolnough (2016) and Wing and Emanuel (2014) supported
these results, and in particular noted that the surface flux feedbacks were most important

in the early days of their experiments.

The physical mechanisms behind surface flux feedbacks can be separated into two opposing
feedbacks. The first is the wind driven surface heat exchange (WISHE) feedback. This is due
to increased windspeeds in the close vicinity of convecting regions, increasing surface fluxes
in the already moist regions and thus acting as a positive feedback on aggregation. This
feedback depends solely on variations in surface windspeed. The second, negative feedback
is due to the air-sea enthalpy disequilibrium being smaller in the moist, convecting regions
and therefore reducing surface fluxes, acting to suppress convection. This feedback depends
on variations in AT = T; — T, and Aq = 7, — ¢y, With terms as described in equations
1.6 and 1.7. It is the balance of these two feedbacks which determines the sign of the
surface flux feedback in FMSE variance budget analysis. Wing and Emanuel (2014) derived
a decomposition of equation 1.8 to give analytic formulae for these different feedbacks (see
equation 10 in Wing and Emanuel 2014). In general, the positive WISHE feedback dominates
in the early stages of aggregation which is why homogenising the surface flux feedbacks
can reduce aggregation. In the latter equilibrium stages of simulations, the air-sea enthalpy
disequilibrium feedback tends to dominate, driving a negative surface flux feedback (Wing

and Emanuel 2014; Holloway and Woolnough 2016).

Advective feedbacks

As alluded to above, the role of advective feedbacks has been found to be important to
the development of self-aggregation. Bretherton et al. (2005) was the the first to identify
that FMSE was being transported upgradient, and visualised this through a moisture-sorted
stream-function. Muller and Held (2012) and Muller and Bony (2015) further corroborated

this result,and emphasised its importance. In particular, they found that it was the radiative
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cooling from the top of low-level clouds which drove subsidence in the dry regions and
this generated a low-level overturning circulation which was responsible for transporting
the high surface FMSE upgradient. In their simulations, there is also a mid-tropospheric
export of low FMSE from the moist to the dry regions. Thus, these circulations positively

feed back on self-aggregation.

Through the FMSE variance budget, Wing and Emanuel (2014) and Holloway and Wool-
nough (2016) show that the total contribution from all advective processes is a positive
feedback in the early stages of self-aggregation, but that it changes sign in the latter stages
of their simulations,and in Wing and Cronin (2016) the advective feedback from FMSE vari-
ance budget was found to be always negative. Coppin and Bony (2015) concluded that,
whilst the overall advective feedback might be negative, there could still be local advec-
tion which favoured aggregation and that the shallow component of the circulation could
still be transporting FMSE upgradient. It is also possible that the indirect effect of radia-
tive cooling anomalies are working to transport FMSE upgradient, but that other advective
processes are counteracting this. Indeed Holloway and Woolnough (2016) found that the
upgradient FMSE transport was being balanced by other advective effects with the oppo-
site sign. They also concluded that the FMSE circulation was being forced mostly through

convective heating anomalies, not radiation.

Clearly, advective feedbacks contribute to self-aggregation. However, there are still dis-
agreements in the literature and further work is still needed to identify whether they trigger

aggregation or simply amplify it once direct, diabatic feedbacks have triggered it.

Moisture-memory feedback and cold pools
Another mechanism that is potentially very important for self-aggregation is the moisture-
memory feedback (Tompkins 2001c). This feedback is driven by the idea that moist regions

favour convection. The physical mechanism behind the feedback is still somewhat dis-
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puted. There are three main hypotheses which can explain the processes driving this. The
first is that convection is favoured by an anomalously moist boundary layer which occurs
in the absence of strong downdrafts. Due to the slow advection of detrained cloud mois-
ture, the humidity field close to previous convective clouds continues to moisten, creating
conditions which are favourable to new clouds (Craig and Mack 2013). Secondly, when
cold pools are suppressed this can also amplify boundary layer moisture close to recent
convection (Jeevanjee and Romps 2013; Muller and Bony 2015; Hohenegger and Stevens
2016; Holloway and Woolnough 2016; Yanase et al. 2020; Nissen and Haerter 2021). The
third explanation for the moisture feedback is due to entrainment. In @ moist environment,
convective entrainment would not dilute the convective plumes, and so this would favour

further convection (Tompkins 2001c).

Both Muller and Bony (2015) and Holloway and Woolnough (2016) found that convection
could self-aggregate in the absence of radiative feedbacks when this moisture feedback was
artificially enforced by suppressing the re-evaporation of raindrops. Whilst this condition
is not realistic in standard conditions, its relevance could increase in an (almost) saturated
boundary layer with precipitation efficiency close to 100%. Other studies have also found
that the moisture feedback tends to favour aggregation (Craig and Mack 2013; Becker et
al. 2017; Tompkins and Semie 2017; Windmiller and Craig 2019). However, the extent to
which the moisture feedback is essential to self-aggregation remains debated (Craig and

Mack 2013; Muller and Bony 2015; Wing 2019; Yang 2019).

Gravity wave interaction

Inspired by the fact that aggregation seems to be dependent on certain boundary layer
features (Jeevanjee and Romps 2013; Muller and Bony 2015; Naumann et al. 2017; Yang
2018b), Yang (2021) devised a linear shallow water model which simulates the boundary
layer. This model successfully simulated convective self-aggregation, and highlighted an

important role for convectively-coupled gravity waves in driving the aggregation. They
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found that standing gravity waves partitioned the domain into convectively-active and in-
active regions. Gravity waves were also found to influence convection in the first few days

of the simulations in Wing and Cronin (2016).

Feedback sensitivity to surface temperature

As introduced earlier, the sensitivity of self-aggregation to surface temperature is con-
tested. However, there has also been some work done to investigate, if convection does
self-aggregate, if, and to what extent the self-aggregation feedbacks differ with surface
temperature. In particular, Coppin and Bony (2015) found that the feedbacks driving self-
aggregation in a GCM varied at high and low surface temperatures. At high temperatures
they identified that the WISHE surface flux feedback was the main feedback driving aggre-
gation. However, at lower SSTs the circulation associated with low-level radiative cooling
in the dry region was found to be the dominant feedback. Contrastingly, the radiative-
instability model derived in Emanuel et al.(2014) predicts that the direct clear-sky longwave
feedback should be increasingly dominant with higher temperatures, due to the increase
in water vapour with temperature which increases the opacity of the lower troposphere.
Additionally, the relative contribution of the shortwave feedback at different SSTs has been

found to vary (Holloway and Woolnough 2016; Wing and Cronin 2016).

1.2.1.3 Self-aggregation in CRMs and GCMs

For many years, differences in self-aggregation between CRMs and GCMs were mostly stud-
ied through experiments with individual models. However, through RCEMIP, it has become
easier to compare how features and mechanisms might differ when convection is either

explicit or parameterised.

When analysing the RCEMIP ensemble, Wing et al. (2020) found that the changes in mean

climate in response to self-aggregation were consistent across CRMs and GCMs, with most
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models warming, drying, and increasing longwave cooling to space with aggregation. Pope
et al. (2022) also recently investigated the differences between GCMs and CRMs. The au-
thors found that, on average, GCMs aggregate faster than CRMs from homogeneous initial
conditions. They also used the FMSE variance budget method to compare the contributions
from different diabatic feedbacks in driving the self-aggregation. The shortwave and sur-
face flux feedbacks were shown to have a similar magnitude across all models, whilst the

longwave-cloud interactions were, on average, twice as strong in GCMs than in CRMs.

1.2.2 Idealised versus real-world convective organisa-

tion

All of the results discussed thus far have been within the context of extremely idealised
models in RCE with no inhomogeneities in the boundary conditions and no rotation. Whilst
we have gained a wealth of knowledge through these highly idealised studies, an obvi-
ous question is whether these processes and feedbacks occur within the real atmosphere.
Even more simply, to what extent we see convective self-aggregation in the real world is
not a question that is easily answered. Thus far in this thesis the terms aggregation and
self-aggregation have been used somewhat interchangeably, however we must now make
a distinction between the two. Convective self-aggregation is the phenomenon we have
primarily discussed so far, where convection clusters together entirely from self-generated
feedbacks and circulations. Convective aggregation is a more general term which can in-
clude self-aggregation, but can also encompass convective clustering that might be forced

through some external mechanism.

More recently, attempts have been made to bridge the gap between idealised simulations
and real-world convective organisation. There are different methods for achieving this:

some works have used observations to identify signals of aggregation within the tropics
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(e.g. Tobinetal.2012,2013; Hollowayetal.2017; Bony et al. 2020), whilst other studies have
added layers of complexity to idealised models to understand how specific real-world pro-
cesses might change the occurrence, or features of convective aggregation (e.g. Khairout-
dinov and Emanuel 2018; Muller and Romps 2018; Shamekh et al. 2020a; Leutwyler and
Hohenegger 2021; Tompkins and Semie 2021). In particular, it has been argued that the
processes driving self-aggregation could be important for understanding tropical cyclones
(e.g. Khairoutdinovand Emanuel 2013; Reed et al. 2015; Wing et al. 2016; Muller and Romps
2018; Carstens and Wing 2020; Ramirez Reyes and Yang 2021),the MJO (e.g. Neelin and Held
1987; Bretherton et al. 2005; Arnold and Randall 2015; Holloway et al. 2017; Khairoutdinov
and Emanuel 2018), and the ITCZ (e.g. Raymond 2000; Mdller and Hohenegger 2020). In
the following sections we will explore different avenues of realism to introduce the ways

in which convective self-aggregation can be related to real-world organisation.

Inhomogeneous sea-surface temperatures

In typical studies on self-aggregation, the SST is homogeneous across the domain and re-
mains fixed throughout the simulation. In the real world, gradients in the SST are known to
strongly impact the organisation of convection. In particular, Tompkins (2001c) found that
imposing SST anomalies leads to the migration of convective clusters towards the warm
spots. Therefore, it is logical to assume that the inclusion of an SST gradient would impact

the existence and formation of self-aggregation.

Over an SST gradient, the boundary layer above the warmest SSTs becomes anomalously
warm and moist, driving a pressure gradient and low-level flow (Back and Bretherton 2009).
If the SST is kept fixed in time, but inhomogeneous in space in idealised simulations,
Shamekh et al. (2020a) showed that the warmest SSTs (termed the SST ’hot spot’) cause
local convective instability which drives a large-scale overturning circulation which aggre-
gates the convection over the hot spot. They argued that this is different from the typical

driving mechanism for self-aggregation, where the radiative cooling in the dry patch forces
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the circulation and ‘pushes’ the convection to aggregate. Here, the SST gradient is instead
‘pulling’ the convection towards the hot spot. They also show that the strength of the large-
scale overturning circulation, and the speed of aggregation, is a function of the hot spot’s
fractional area. Additionally, through mechanism denial tests, they found that this aggre-
gation could occur in the absence of radiative feedbacks (unlike most self-aggregation),

providing the hot spot was sufficiently warm and large.

In a spherical domain, Muller and Hohenegger (2020) studied the impact of a temporally
fixed, zonally-symmetric SST gradient on aggregation. They found that convection clusters
together along the warmest SSTs, resembling the ITCZ. Interestingly, they also found that
after this meridional clustering happens, there is a zonal contraction of the convection.
They hypothesise that this forms due to the emergence of a shallow circulation driven by

self-aggregation feedbacks, although no formal feedback decomposition was performed.

Several studies have investigated the impacts on aggregation of allowing the ocean surface
to dynamically interact with the atmosphere. Due to the below-cloud cooling effect of cloud
shielding, one would expect that interactive SSTs could delay or prevent convection from
aggregating (Hohenegger and Stevens 2016; Coppin and Bony 2018; Shamekh et al. 2020a;
Tompkins and Semie 2021). Indeed, when modelling over a slab ocean®, both Tompkins
and Semie (2021) and Shamekh et al. (2020b) find that interactive SSTs slow the onset of
aggregation. This is due to the relative surface warming in the dry regions, combined with
cooling in the convective regions, which creates a gradient in surface fluxes. This opposes
the low-level convergence of moisture and thus slows aggregation. Once convection has
aggregated however, Shamekh et al. (2020b) found that a negative SST anomaly forms in
the dry patch. The results from Tompkins and Semie (2021) agreed with this, and attributed
the negative anomaly to strong longwave radiative cooling and enhanced latent heat fluxes

in the dry patch, which cool the ocean surface. Tompkins and Semie (2021) show that the

>A slab ocean is an idealised ocean model which represents the thin, well-mixed top layer of the ocean.
This allows for interactive SSTs and surface fluxes.
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domain separates into three distinct regions - the cold-dry zone, the convective cloudy zone,
and an intermediate boundary zone of moist clear-sky air. In this intermediate zone, the
absence of anvil cloud leads to the shortwave anomaly dominating over the longwave,
driving increases in SSTs. This causes the convection to constantly migrate towards this

boundary zone, however it cannot enter the neighbouring dry zone.

Aggregation with rotation and cyclogenesis

Studies using rotating RCE have shown that self-aggregation can present as tropical cy-
clogenesis (e.g. Bretherton et al. 2005; Khairoutdinov and Emanuel 2013; Wing and Cronin
2016; Muller and Romps 2018; Carstens and Wing 2020). Wing et al.(2016) investigated this
cyclogenesis process using the FMSE variance budget method and compared the feedbacks
with those found in regular, non-rotating self-aggregation studies. They found that there
are significant contributions from longwave and surface flux feedbacks in the early stages of
formation, as with self-aggregation. Contrastingly to self-aggregation though, mechanism
denial tests found that the radiative feedbacks aid cyclogenesis but are not a necessary feed-
back. Ramirez Reyes and Yang (2021, 2022) go a step further and show that cyclogenesis
can happen in rotating RCE simulations without both radiative and surface flux feedbacks.
They show that cyclogenesis is associated with an increase in APE production, and attribute
this to the moisture-entrainment feedback discussed above. Understanding the mecha-
nisms behind tropical cyclogenesis and intensification is still an active area of research,
but Muller and Romps (2018) highlighted that rotating self-aggregation studies can help to

shed more light on the physical processes surrounding tropical cyclones and their genesis.

The MJO
The MJO was first linked to self-aggregation after Raymond (2001) suggested that the MJO is
due to an instability driven by cloud-radiation interactions. He identified that, in their model

of the MJO,the cloud-radiation interactions made the tropical atmosphere unstable to large-
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scale radiative-convective overturning circulations. Arnold and Randall (2015) were also
able to simulate the MJO. Using a GCM they initially used a typical idealised RCE set up
to simulate self-aggregation. When rotation was added to their model the aggregation
took the form of the MJO, centred on the equator, and thus they concluded that the MJO
could be a form of convective self-aggregation but on a rotating sphere. Khairoutdinov
and Emanuel (2018) found similar results. Using mechanism denial tests they confirm the
results of Raymond (2001) by showing that the cloud-radiation interactions are essential
for the MJO to form in their model. They also highlighted a role for the WISHE feedback
in propagating the MJO-Llike disturbance eastwards. Observational work from the DYNAMO
field campaign also found an important role for radiation and, to a lesser extent, surface
fluxes in amplifying MJO variability which further links self-aggregation and MJO processes
(Sobel et al. 2014). However, the processes governing the MJO’s propagation and variability
are still debated. For example, in their recent review of MJO theories, Zhang et al. (2020)
highlight that the cloud-radiative feedback is the main feedback in only one of the four
key MJO theories, a secondary feedback in one other theory and is not even included in the
final two theories. Thus, significant work remains in determining the role of cloud-radiative

feedbacks in the MJO and how self-aggregation and the MJO might interact.

Aggregation with a land surface

Another simplification that idealised models in RCE typically use is an aquaplanet model.
Introducing land to these models increases the complexity of both the study design as well
as interpreting the results. Nevertheless, in recent years some studies have implemented
models to investigate how land affects clouds and precipitation in the tropics. This has
been done in two ways - some have run modified RCE simulations on a land-only planet
(Becker and Stevens 2014; Hohenegger and Stevens 2018), and some have included both
islands and ocean in their simulations (Cronin et al. 2015; Coppin and Bellon 2019a,b;

Leutwyler and Hohenegger 2021).
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On a land-only planet, Hohenegger and Stevens (2018) found that the soil moisture gra-
dients which formed at the surface homogenised the precipitation field over long time
scales. Similarly to simulations with interactive SSTs, they found that as the soil dried in
the dry patches, a low-level circulation converging towards the warm, dry patch was in-
duced. Hence, once a convective cluster has formed, the drying process begins away from

it such that aggregation is prevented from being maintained.

In idealised simulations containing islands, precipitation typically favours land over ocean
(Cronin et al. 2015; Coppin and Bellon 2019a; Leutwyler and Hohenegger 2021). The pres-
ence of islands in RCE simulations has also been shown to impact the domain-mean tem-
perature profile. Cronin et al.(2015) found that their simulation with an island had a warmer
troposphere than their land-free simulation. The authors attribute this warming to the con-
vection forming in the warmest and moistest areas of the boundary layer which are all over
the island. This then forces the convection onto a warmer moist adiabat, the temperature of
which is propagated across the domain due to the weak temperature gradient assumption
typically holds in the tropics. Contrastingly, Leutwyler and Hohenegger (2021) find that the
presence of islands in their simulations drives a cooling of the troposphere. The difference
in these two experiments is attributed to a difference in modelling parameters. In Cronin
et al.(2015),the only difference between the island and ocean is the heat capacity. Whereas
in Leutwyler and Hohenegger (2021), the islands are modelled using a land-surface model,
and so their soil has the ability to dry out. Thus, in land grid-cells which are precipitation
free, the soil dries and limits evaporation. This leads to a warmer, but drier sub-cloud layer
(unlike in Cronin et al. (2015) which has a warmer, moister sub-cloud layer). This process be-
comes increasingly important as the land fraction increases, meaning that for larger islands,
convection will end up on a cooler moist adiabat thus cooling the domain-mean tempera-
ture. Less work has specifically investigated self-aggregation and its interactions with land,

especially looking into how the mechanisms vary when a land-sea contrast is present.
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Aggregation in observations

In their review on observing convective self-aggregation, Holloway et al. (2017) argue that
the modelled behaviour is relevent to real-world convection and climate. They highlight
that the processes identified in self-aggregation studies may also operate in nature. Re-
cently, Bony et al. (2020) found that convective organisation, along with lower tropospheric
stability, accounted for over 60% of the variance in the tropical radiation budget. Hence,
they concluded that this emphasises the importance of understanding organisation and
is consistent with the conclusions from idealised modelling studies that aggregation sub-

stantially influences the radiative budget of the Earth.

In the first paper to specifically investigate self-aggregation processes in observations, To-
binetal.(2012) identified similarities between organised scenes in the tropics and idealised
simulations of self-aggregation using the SCAl metric. Under fixed SSTs, they found that in-
creased organisation led to a drier free-troposphere in the non-convective environment and
increased OLR by up to 30 W m~2 due to a reduction in mid- and upper-level clouds. These
results are in agreement with self-aggregated scenes in idealised models. These results
have also been supported by Tobin et al. (2013), Stein et al. (2017), Bony et al. (2020) and
Masunaga et al. (2021). Not all results are as conclusive though. Tobin et al. (2012, 2013)
found that increases in the OLR were compensated by decreased reflected shortwave radia-
tion, leading to no net change in the top-of-atmosphere net radiative budget, in contrast to
the results from idealised simulations, such as Wing and Cronin (2016). Additionally, Tobin
et al. (2012, 2013) had contrasting results on the change in surface fluxes with increased
aggregation and the low cloud response. Nevertheless, Holloway et al. (2017) also conclude
that there are many aspects of observing convective aggregation which require more ob-
servational study, especially to investigate any potential SST dependence of aggregation
mechanisms, and to understand the impacts of climate change on organised convection.
One feature which seems robust in observations of the tropical climate is a two-peaked

humidity distribution (Mapes 2001; Zhang et al. 2003; Mapes 2016), which implies the trop-
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ical atmosphere tends to divide into wet and dry regions, however it gives no insight into
their spatial organisation. Additionally, the relatively long time scales of self-aggregation
(15-100 days) provides additional difficulties to observing aggregation, due to potential

disruptions of the organisation by synoptic variability in the real world (Muller et al. 2022).

Climate sensitivity

Due to its tendency to broaden the humidity distribution and increase radiative cooling to
space, studies have suggested that self-aggregation might modulate climate sensitivity (e.g.
Khairoutdinov and Emanuel 2010; Becker and Stevens 2014; Cronin and Wing 2017; Becker
and Wing 2020). Thus, if the degree of self-aggregation increased with warming, this could
feed bac on the temperature, and act as a self-regulatory feedback on tropical warming
(Khairoutdinov and Emanuel 2010). Indeed, Becker and Wing (2020) showed that models in
which self-aggregation increases with SST typically have a lower climate sensitivity. How-
ever,the main caveat to this relationship is that recent results imply that there is no consis-
tent relationship between surface temperature and self-aggregation (Wing et al. 2020). Ad-
ditionally, allowing SSTs to interact with convection can reduce, or even negate this effect.
Coppin and Bony (2018) found that the negative aggregation-warming climate sensitivity

feedback loop was offset by a positive feedback between SST and reduced low cloud cover.

The work presented across Section 1.2.2 has highlighted the multifaceted ways in which
the scientific community has learnt from the results in idealised self-aggregation studies
as well as identifying some key areas in which further exploration would be beneficial.
Despite the evidence presented, the relevance of self-aggregation to the real world is still a
highly debated topic. Improving our understanding of how different idealisations in models

impact the results found is vital in order to reach a conclusion.
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1.3 Aerosols and the monsoon

Monsoons refer to a seasonal change in meteorological conditions, in particular, strong
seasonal precipitation cycles marked by a rainy summer and a drier winter with a seasonal
reversal in prevailing winds. Historically, the monsoons have been thought to be primarily
driven by a contrast in the land-sea heating where the differential warming of the land
and the ocean will drive strong pressure gradients and thus force a large-scale circulation
(Halley 1686; Webster 1987; Wang 1994; Webster et al. 1998). More recent work has sug-
gested that regional monsoons are localised perturbations of a tropical convergence zone,
which may sit at the equator (the ITCZ) or be pulled over a continent as a monsoon (e.g.
Bordoni and Schneider 2008, 2010; Mukherjee et al. 2014; Faulk et al. 2017; Hill et al.
2019; Geen et al. 2020).

The aerosol effects on the monsoon are many and highly debated. Some theories propose
that aerosols are strengthening the monsoon (Lau and Kim 2006; Lau et al. 2006; Wang
et al. 2009): absorbing aerosols can strongly heat the atmospheric column, especially in
the boundary layer where concentrations are highest. This boundary layer heating can lead
to increased convective instability, and eventually drive an increase in the rain rate (Sarangi
et al. 2017, 2018). However, Ramanathan et al. (2005) showed that aerosols are associated
with a weakening of the meridional thermal contrast and thus a weakening of the Indian
monsoon with Bollasina et al. (2011) also showing that anthropogenic aerosols are driving

the observed decrease in Indian monsoon rainfall in the 20th century.

The monsoon and its interactions with aerosols are not widely discussed in this thesis, thus
a more detailed discussion of monsoon theory and aerosol interactions is left to existing
literature reviews, such as Geen et al. (2020) and Li et al. (2016). However, the modelling

design used in this thesis could provide a useful analysis test-bed for investigating the
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monsoon. A further discussion of this is provided in Chapter 5.

1.4 Objectives of thesis

Whilst great strides have been made in understanding the features and mechanisms of con-
vection self-aggregation, many questions still remain, particularly regarding the application
of the work in the real-world. Looking for evidence of self-aggregation in observations is
made tricky due to the time scales of idealised self-aggregation far exceeding synoptic
variability time scales (Holloway et al. 2017; Wing et al. 2017; Muller et al. 2022), therefore
allowing for this variability to disrupt the aggregation. Additionally, more work is needed
to clarify the roles of different mechanisms in the self-aggregation process, especially as
the level of idealisation decreases (Hohenegger and Stevens 2018; Muller and Hoheneg-
ger 2020; Shamekh et al. 2020a). In particular, RCE is a highly idealised modelling envi-
ronment, and therefore understanding how self-aggregation mechanisms and ‘real-world’
aggregation mechanisms interact with each other would help to evaluate the relevance

of idealised self-aggregation.

In this thesis we will address some of these questions by investigating how aggregation
responds to real-world forcings. We will approach this by including atmospheric heating
perturbations, land, and sea-surface temperature gradients into idealised models. Incre-
mentally increasing the complexity of idealised models allows us to isolate the direct im-
pacts each of these processes has on the convection and its spatial organisation. We will
utilise the FMSE energy budget and mechanism denial methods introduced above to inves-
tigate the role of different feedbacks on the aggregation we see in our models. The key

aims of this thesis are to answer the following questions:

1. Can we force convection to aggregate by using atmospheric diabatic heating pertur-
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bations, and how does this affect the mechanisms of aggregation?
2. What is the impact of land on large-scale convective aggregation?

3. How does self-aggregation behave under the influence of a large-scale sea-surface

temperature gradient?

This thesis is structured as follows:

Chapter 2: Forced convective aggregation

In this chapter we investigate the concept of forced convective aggregation. In Shamekh
et al. (2020a), the inclusion of SST 'hot-spots’ were shown to forced convection to cluster
over the warm ocean anomaly. They investigated the mechanisms of this forced aggregation
through mechanism denial tests and found that, whilst the aggregation was still driven pri-
marily by radiative feedbacks as in idealised self-aggregation, the mechanisms were driven
mostly from the warmest and moistest columns pulling the convection towards them, as
opposed to typical self-aggregation which is driven by a radiatively-driven dry patch ex-
pansion. We expand on these ideas by investigating how diabatic heating by absorbing
aerosols can drive convective aggregation. In contrast to the surface temperature anoma-
lies in Shamekh et al. (2020a), in this chapter, we force the aggregation by using idealised
plumes of absorbing aerosols concentrated in the lower troposphere. This chapter compares
the features of forced aggregation to idealised self-aggregation and investigates its mecha-
nisms using both the FMSE energy budget analysis and mechanism denial tests. The use of
aerosol forced diabatic perturbations allows us to also link the results to potential impacts

of absorbing aerosol events in the real world, such as biomass burning events or pollution.

Chapter 3: Aggregation in the presence of an island
Inhomogeneous surfaces have been shown to impact the existence and properties of con-

vective aggregation, however, the interactions between land and aggregation have been
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understudied. On a land-only RCE planet, Hohenegger and Stevens (2018) showed that
soil-moisture gradients opposed the persistent aggregation of convection by generating
circulations which opposed the aggregation circulations through the surface fluxes. Ad-
ditionally, papers which used an RCE framework with both islands and ocean (e.g. Cronin
et al. 2015; Coppin and Bellon 2019a; Leutwyler and Hohenegger 2021) found that convec-
tion and precipitation typically favour land, however, no work has yet provided a systematic
decomposition of convective organisation mechanisms. Additionally, none of these works
studied the large-scale interactions of land and aggregation, with all previous studies us-
ing limited-area CRMs. In this chapter, we add an idealised, continentally-sized island to
an RCE model. Similarly to Chapter 2, we investigate how the aggregation which forms in
this modelling paradigm compares to idealised self-aggregation. We look at both the early,
aggregating phase of the simulation and the equilibrium, maintenance phase separately.
Circulations driving the organisation are decomposed to investigate what is driving them,

and results are confirmed with mechanism denial tests.

Chapter 4: Convective self-aggregation over sea-surface temperature gradients In this
chapter, a different idealisation typically used in self-aggregation studies is relaxed: SST
gradients. Muller and Hohenegger (2020) showed that on a convection resolving spherical
domain with a zonally homogeneous meridional SST gradient, convection clusters together
along the warmest SSTs, much like the ITCZ at the equator. However, they also showed that
this convection then zonally contracts despite no zonal forcing in the boundary conditions.
The authors argue that this contraction is a self-aggregation of the convection. Here, we
use a zonally-symmetric SST gradient in a GCM to thoroughly investigate the mechanisms
driving zonal clustering along the equator. This work highlights that self-aggregation feed-
backs may be interacting with other large-scale forcings in the real atmosphere, partic-

ularly within the ITCZ.
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Discussion and Conclusions
In this final chapter, results from across the thesis are summarised and combined into key

conclusions we can take from this work. Additionally, new questions that arise from the

work presented here are posed.






2 Forced convective aggregation

All sorts of things can happen when you're open to new ideas and playing around with things.

STEPHANIE KWOLEK

In this chapter, GCM simulations are used to investigate if convection can be forced to
aggregate together, using a large-scale diabatic heating source. The hypothesis behind
this work is that if we can generate a thermally-driven circulation, then this could drive
enough instability such that convection is forced to preferentially form close to the heating

perturbation, thus aggregating the convection.

This chapter is based on an article published in Journal of Advances in Modeling Earth Sys-
tems:

Dingley, B., Dagan, G., and Stier, P. (2021). Forcing convection to aggregate using diabatic
heating perturbations. Journal of Advances in Modeling Earth Systems, 13(10),e2021MS002579.
doi: 10.1029/2021MS002579.

| designed the study together with the co-authors. | carried out the simulations and analyses
presented, with input from the co-authors. | wrote the manuscript, and underwent the peer-

review process, with contributions and approval from the co-authors.
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Abstract

Tropical deep convection can aggregate into large clusters, which can have impacts on the
local humidity and precipitation. Sea surface temperature (SST) gradients have been shown
to organise convection, yet there has been little work done to investigate the impact of di-
abatic heating perturbations in the atmosphere on the aggregation of convection. Here we
investigate how anomalous diabatic heating of the atmospheric column, through an ide-
alised aerosol plume, affects the existence and mechanisms of convective aggregation in
non-rotating, global RCE simulations. We show that the aerosol forcing has the ability to
increase the degree of aggregation, especially at lower SSTs. Detailed investigation shows
that the diabatic heating source incites a thermally-driven circulation, forced by the short-
wave perturbation. The increase in aggregation is caused in part by this circulation, and in
part by the longwave heating anomalies occurring due to the surface convergence of mois-
ture and convection. At higher SSTs, longwave feedbacks are crucial for the aggregation of
convection, even with the shortwave heating perturbation. At lower SSTs, convection is able
to aggregate with the shortwave perturbation in the absence of longwave feedbacks. These
perturbations provide a link to studying the effects of absorbing aerosol plumes on convec-
tion, for example during the Indian monsoon season. We argue that, as there is aggregation
for plumes with realistic aerosol absorption optical depths, this could be an analogue for

real-world organisation in regions with high pollution.

2.1 Introduction

Moist deep convection is important for distributing heat, moisture, and momentum glob-
ally, however, its intensity and evolution depend on its environment. Acommon method for

studying tropical deep convection is modelling in a radiative-convective equilibrium (RCE)
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setup. (Manabe and Wetherald 1967; Held et al. 1993). Whilst this is an idealised setup,
it provides an acceptable simplification of the tropical atmosphere on large scales (Jakob
et al.2019) and has been used to study convection for many years (e.g. Manabe and Wether-
ald 1967; Held et al. 1993; Tompkins and Craig 1998). A specific convective organisation
phenomenon that can occur when running a model in RCE is convective self-aggregation

(Bretherton et al. 2005).

It has been robustly shown that interactions between longwave radiative feedbacks, mois-
ture, and convection are essential for triggering and maintaining aggregation (e.g. Muller
and Held 2012; Coppin and Bony 2015; Yang 2018a). This physical feedback relies on strong
clear-sky longwave radiative cooling away from deep convective areas, which helps to de-
velop a circulation which advects moist-static energy up-gradient to the moist convect-
ing region (Muller and Held 2012). There is an increasing body of work suggesting the
boundary layer is especially important for feedbacks involved in convective aggregation
(e.g. Muller and Bony 2015; Naumann et al. 2017; Yang 2018a,b). Yang (2018a) showed
through mechanism denial experiments, that removing longwave feedbacks in the bound-
ary layer is sufficient to suppress aggregation, whilst removing the free-tropospheric feed-
backs alone still enabled the convection to aggregate, verifying that the boundary layer is
important for convective self-aggregation. There has been some dispute over the remain-
ing physical drivers of aggregation, with different studies giving opposing results. Some
proposed positive feedbacks include the virtual effects of water vapour (Yang 2018a), and
the wind-induced surface heat exchange (WISHE) feedback (Coppin and Bony 2015). The
shortwave radiative feedbacks have been found to have differing signs. Muller and Held
(2012) found that interactive shortwave fluxes were not essential in triggering aggrega-
tion and that shortwave fluxes opposed the formation of aggregation. They hypothesise
that this is due to increased shortwave cooling in the cloudy regions. Other studies, such
as Wing and Emanuel (2014) and Holloway and Woolnough (2016) have contradicted this

result, finding that there is reduced shortwave absorption in the dry regions, due to the
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absorption of water vapour. It has also been shown that the dominant mechanisms can
depend on the model configuration chosen, such as SST, horizontal grid resolution, or the

representation of convection (Muller and Held 2012; Coppin and Bony 2015; Wing 2019).

Shamekh et al. (2020a) investigated the concept of forced convective aggregation. They
used a CRM with fixed SSTs, and with SST 'hot-spots’ of between 3K-5K and looked at how
this forced the aggregation and whether it differed from self-aggregation. They noted an
acceleration in the formation of aggregation, especially for warmer/larger hot-spots. They
also saw that the inclusion of a hot-spot allowed simulations to aggregate at temperatures
that they previously would not. Convective instability over the hot-spot forces a large-scale

circulation and this increases the drying from subsidence outside of the anomaly.

Khairoutdinov and Emanuel (2010) found that, in their simulations, convective aggregation
exhibits hysteresis: once convection has aggregated, it remains so even if the SST is sub-
sequently dropped below their critical threshold temperature. Muller and Held (2012) also
found hysteresis in their simulations, including when key mechanisms required to form
aggregation are removed after the simulation has aggregated. In most convective self-
aggregation studies this hysteresis feature is seen, however, Shamekh et al. (2020a) found
that the aggregation that exists due to the SST hot-spots does not exhibit hysteresis, with

convection disaggregating again once the hot-spot is removed.

Convective self-aggregation is formed by similar mechanisms to observed organised con-
vection (such as mesoscale convective systems) however the link between the simulated
and observed aggregation remains unclear and is one of the key questions in the study of
convective self-aggregation. Many of the processes organising the convection in these ide-
alised studies are exhibited on a much larger scale in the formation of the Madden-Julian
Oscillation (MJO) (Arnold and Randall 2015), hence this is a possible real-world analogue
of self-aggregation. Another avenue that has not yet been explored is the ability of strong

pollution plumes to influence the organisation of convection. Roeckner et al. (2006) have
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shown that plumes of absorbing aerosols in the tropics can heat the atmosphere, induce
thermally direct circulations and locally increase moisture convergence and precipitation.
Further, in Dagan et al. (2019) an absorbing aerosol plume was introduced into the tropics
of an aquaplanet model; the plume incited a large-scale thermally driven circulation and

the authors conclude that this could promote convective aggregation in the tropics.

In this chapter,we aim to utilise the results in Dagan et al.(2019) to investigate the impact of
external diabatic heating on convective organisation. We introduce diabatic heating based
on an idealised plume model, which is representative of aerosol radiative perturbations.
The plume used (see details in Section 2.2.3) creates a strong local shortwave radiative
heating perturbation. This creates a large-scale thermally driven circulation, which en-
courages moisture convergence near the surface and divergence in the upper atmosphere
(Dagan et al. 2019). We hypothesise that this, in turn, will encourage convection to form
and hence convective aggregation will form around the plume forcing. Henceforth, when
this process is discussed, it is referred to as ‘forced aggregation’and it should be noted that
this differs from spontaneously occurring convective self-aggregation. In particular,we aim

to answer the following questions:

1. Can the inclusion of a diabatic heating perturbation increase the degree of aggrega-

tion in GCM RCE simulations?

2. How do the mechanisms driving spontaneously formed self-aggregation differ from

forced aggregation?

3. Can convection be forced to aggregate through shortwave heating perturbations when
key feedbacks required for self-aggregation are removed, such as spatial gradients in

longwave fluxes?
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2.2 Methods

2.2.1 Model set-up

In all simulations, the ICOsahedral Nonhydrostatic (ICON) Atmospheric GCM (Zangl et al.
2015; Giorgetta et al. 2018), version 1.8, is used. The ICON GCM model uses the ECHAM6
physics packages (Stevens et al.2013),including a bulk mass-flux convection scheme (Tiedtke
1989; Nordeng 1994), cloud cover calculated using the relative humidity (Sundqvist et al.
1989), and the PSRad radiation scheme (Pincus and Stevens 2013). Other parameterisation
schemes used are the Lohmann and Roeckner microphysics scheme (Lohmann and Roeckner

1996) and the gravity wave scheme as described in Stevens et al. (2013).

ICON is run on a triangular grid, based on dividing spherical icosahedron. Grids are defined
as RnBk grids, where the original icosahedron edges are divided into n equal arcs, which
creates n? new triangles. The arcs of these triangles are then bisected k times, to recursively
subdivide each triangle into 4 smaller triangles. Therefore, the total number of triangular

cells in each grid is defined as
n, = 20n%4* (2.1)

In this thesis, we employ the R02B04 grid, which has 20480 cells, with an average cell
area of approximately 25000 km?. This leads to an approximate equivalent grid-spacing of
160 km. The vertical resolution is set by assigning 47 stretched model levels between the
surface and model top at 83 km, with grid spacings ranging from 40 m between the lowest

model layers, to around 1350 m at 15 km, and 5900 m near the model top.
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2.2.2 Experimental set-up

ICON is used in an RCE configuration. The RCE simulations are setup on an aquaplanet
with no rotation and no diurnal cycle. The modelling parameters described next are taken
from Wing et al. (2018), the RCE model intercomparison project (RCEMIP) to study convec-
tive aggregation in radiative-convective equilibrium models. To initialise the RCE state,
homogenised boundary conditions are set where the solar insolation is 551.58 Wm~2 with
a fixed zenith angle of 42.05°. Together these values give a constant insolation of 409.6
Wm~2. This is equivalent to the annual mean tropical insolation (Wing et al. 2018). The
global ocean albedo is set to 0.07. Concentrations of tracers CO2, CH4, N20 and O2 are
set to be constant in space and time and the O3 profile is the same as used in Popke et al.
(2013). SSTs are kept globally constant throughout each simulation at either 290K or 305K.
The model spin-up is done for 1 month, with horizontally homogenised radiative fluxes,
where the longwave and shortwave cooling rates are averaged horizontally at each model
level and time-step. Then the domain-averaged conditions over the final 5 days of these
simulations are used to initialise the simulations, following Wing et al. (2018). Each sim-
ulation is then run for 5 years. Model output is given every 5 days, as a 5-day mean. All

timeseries in this chapter are therefore plotted for these 5-day means.

Most simulations have been run with interactive radiation. However to perform the mech-
anism denial experiments, radiative feedbacks have been turned off by horizontally ho-
mogenising the radiative cooling rates at each model level and time-step, following Muller
and Held (2012). These simulations are referred to as HomogLW and HomogSW respec-
tively. Please note that the 290K_Plume_HomogLW experiment has a plume with aerosol
optical depth (AOD) = 1, and the 305K_Plume_HomoglLW experiment (see Table 2.1 below)
has a plume with AOD = 0.8, compared to the plume with AOD = 1.8 used in the rest of
the simulations. Testing has shown that a plume of this shape and size, with single scat-

tering albedo (SSA) = 0.8, can force an increase in the degree of aggregation at AODs of
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Experiment Name SST Plume Interactive LW  Interactive SW
290K_NoHomog 290K X v v
290K_HomoglLW 290K X X v
290K_HomogSW 290K X v X
305K_NoHomog 305K X v v
305K _HomoglLW 305K X X v
305K_HomogSW 305K X v X
290K _Plume_NoHomog 290K v v v
290K_Plume_HomoglLW 290K v X v
290K _Plume_HomogSW 290K v v X
305K _Plume_NoHomog 305K v v v
305K_Plume_HomoglLW 305K v X v
305K_Plume_HomogSW 305K v v X
290K _control 290K X X v
305K_control 305K X X v

Table 2.1. List of experiments

0.6 or greater (see Section 2.3.2). Also, these two simulations only homogenise the long-
wave fluxes for three out of every four timesteps. Whilst this does not fully homogenise
the longwave heating field, this amount of homogenising is sufficient to decrease the de-
gree of aggregation to close to the value in our control runs. These measures are taken to
ensure that the model stays in equilibrium as using high AOD and fully homogenising the

longwave heating leads to excessive instabilities.

Occasionally, we reference a control run at either 290K or 305K SST. In these control sim-
ulations, we horizontally homogenise the longwave radiative cooling rates to prevent the
aggregation of convection (e.g. Muller and Held 2012; Wing and Emanuel 2014; Arnold and
Putman 2018). This enables us to decipher effects of aggregation, by comparing simulations
to a non-aggregated base state. A list of all experiments can be seen in Table 2.1. These con-
trol simulations are the same as the HomogLW simulation at the relevent SST, (i.e., 290K _-

control is the same as 290K_HomoglLW and 305K _control is the same as 305K_HomogLW).
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2.2.3 Aerosol plume model

The aerosol plume in this chapter is prescribed using the Max Planck Institute Aerosol Cli-
matology version 2, Simple Plume (MACv2-SP) model (Stevens et al. 2017). MACv2-SP is a
parameterisation used to simplify the representation of anthropogenic aerosol distributions
by prescribing the number and features of the aerosol plumes. Parameters to decide include
the AOD, SSA, and plume spatial extent,and these are given as functions of geographical lo-
cation, time, and wavelength. In this chapter, we remove any temporal dependence and use
constant parameters for each variable. We also only use a single plume in our simulations,
and in order to isolate the role of the heat perturbation we only introduce the radiative
properties of the perturbation, not the microphysical effects which are also described in
Stevens et al. (2017). In this chapter, unless otherwise specified, experiments are performed
with a single plume at latitude = 0°, longitude = 0°,AOD = 1.8 and SSA = 0.8. This produces a
strongly absorbing plume, which causes a large heating perturbation. The horizontal shape
of the plumes is modelled with a Gaussian distribution with AOD reducing by a standard
deviation every 10° in each direction. Hence, approximately 68% of the aerosols lie within
a 10° radius of the plume centre, and 95% Llie within 20°. The vertical distribution of the
aerosols is determined by the kernel of Euler’s 3 function with most aerosols occurring
below 5 km (Stevens et al. 2017). This bottom-heavy vertical distribution is based on a cli-
matology of aerosols, and ensures the modelled plumes are not unrealistically top-heavy.
The vertical and horizontal distribution of the AOD is shown in Figure 2.1. It is important
to note, realistic absorbing aerosol plumes can reach AODs upwards of 0.6 with SSAs of
0.8 and under (e.g. Sharma et al. 2017), with some places regularly reaching an AOD over
1 (e.g. Filonchyk et al. 2019; Kiely et al. 2019). Therefore, while the plume used here is far
stronger than many aerosol plumes seen in the real world, plumes of this strength are seen

in certain places (for example, Eastern China, South-East Africa, and Indonesia).
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a) Aerosol plume vertical profile b) Aerosol plume horizontal extent
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Figure 2.1. Aerosol plume, centred on latitude, longitude = (0,0), maximum aerosol optical depth
(AOD)=1.8 and single scattering albedo=0.8, decreasing in a Gaussian way with a standard deviation
of 10°. a) Vertical profile of aerosol optical depth (AOD) at the centre of the plume. b) Horizontal
extent of the vertically integrated plume AOD, up to 3 standard deviations. This contains 99.7% of
AOD.

2.2.4 Metric

Convective aggregation is associated with a moistening of the convective regions, and a
drying surrounding them. This therefore causes a broadening of the moisture distribution
and, in turn, an increase of the horizontal moisture variance. To compare the degree of
aggregation between different simulations in this study we will therefore use the variance
of the column-integrated relative humidity (02,,) (Wing and Cronin 2016). In this thesis,
CRH is defined as the density-weighted integral of relative humidity, integrated from the
surface to the top of the troposphere. This removes the temperature dependence of the
humidity and enables comparisons of the moisture between different simulations (Wing
and Emanuel 2012). This metric does not have a threshold value to determine when a
simulation has aggregated, it is instead used as a comparison tool to determine which

atmospheres are more aggregated than others.
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2.2.5 Frozen moist static energy budget

As introduced in the in Chapter 1, a useful framework for diagnosing aggregation mecha-
nisms is the FMSE variance budget equation, defined in Wing and Emanuel (2014):

laﬁ/l

550 = h'SEF’ + h'/NetLW’ + h'/NetSW’ — h’Adv’ (2.2)

Where SEF stands for surface enthalpy fluxes, which is the sum of the surface latent heat
and sensible heat fluxes, NetSW and NetLW are the column shortwave and longwave
radiative flux convergences respectively, and Adv is the horizontal divergence of h. Each
term on the right-hand side of the budget equation represents a covariance with a source

or sink of FMSE. Therefore, a positive term represents a positive feedback of aggregation.

2.3 Unforced versus forced aggregation of con-

vection

Here we analyse the model simulations 290K_NoHomog and 305K_NoHomog and compare
them to 290K_Plume_NoHomog and 305K_Plume_NoHomog. Figure 2.2 shows the 5-day
mean CRH after the five years of the simulations, after equilibrium is reached, for the two
different SSTs, 290K and 305K. There are large differences between the amount of aggrega-
tion seen in the four simulations. 290K_NoHomaog is the least aggregated, as we can see in
Figure 2.2a: the moisture field is the most homogeneous of the simulations, implying the
convection is scattered across the globe and there is an absence of large clusters. There

is also a lack of large dry patches.

At the higher SST (Figure 2.2¢), there is a more organised moisture field, with extremely wet
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a) 200K_NoHomog b) 290K_Plume_NoHomog
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Figure 2.2. 5-day mean column relative humidity (CRH) after 5 years of ICON GCM RCE simulations.
a) and c) are simulations without an aerosol plume. b) and d) are simulations with an aerosol plume
with AOD=1.8 at the centre. White circle shows 20° radius around plume centre, containing 95% of
AOD. a) - b) Sea surface temperature (SST)=290K, ¢)-d) SST=305K.

regions and contrastingly very dry regions. This shows that there are large clusters of deep
convection across the globe and this simulation may be classified as aggregated. Through
time these clusters are not stationary-the convective clusters do not stay in the same place,
and they also grow and decay through time. In contrast to most small domain simulations
(e.g. Bretherton et al. 2005; Wing and Emanuel 2014), the convection does not aggregate
into a single large cluster, instead, there are multiple clusters throughout the domain in
the aggregated case (Figure 2.2¢). This is, however, consistent with other convective self-

aggregation studies (e.g. Muller and Bony 2015; Yang 2019).

When the plume is used in the simulations at 290K and 305K, it causes a large moist-

ening near to it, and the development of some dry patches away from it. This pattern is
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Figure 2.3. 5-day mean time evolution of variance of column relative humidity (CRH) for ICON GCM
simulations in RCE. Black and grey lines show the control run at 305K and 290K SSTs, respectively.
Controls are simulations run with horizontally homogenised longwave heating. Orange and brown
lines for simulations at 305K SST with and without a plume, respectively. Light and dark blue lines
for simulations at 290K SST with and without a plume, respectively. Circles show mean over the
final 4 years of simulation, vertical bars represent one standard deviation of the 5-day mean o2y,
in time. The aerosol plume has AOD=1.8 at the centre.

analogous to the moisture signal convection aggregation causes. The plume forces con-
vection to aggregate around itself. In Figure 2.2b we see the effect the plume has on the
moisture field at an SST of 290K. Comparatively to the simulation 290K_NoHomog, we can
see large areas of dry patches and a very moist region near the plume centre. Therefore,
we qualitatively expect this simulation to have a larger degree of aggregation than the
simulation without a plume. As shown in Figure 2.2d, using a plume at an SST of 305K
converges convection towards it. However, here we do not see a visible difference in the

horizontal moisture variance.

These findings are reinforced when looking at timeseries of our aggregation metric, 02, in
Figure 2.3. All four simulations have an increased degree of aggregation, when compared to
the non-aggregated control runs. The simulations at 305K with and without the plume are
the most strongly aggregated, showing that adding the plume forcing to an already strongly
aggregated simulation primarily causes a reorganising of the aggregated convection and

does not force a significant change in the degree of aggregation. At an SST of 290K, we see
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Figure 2.4. 4-year mean a) and f) Zonal winds, b) and g) Meridional winds, c) and h) lLongwave heating
anomaly, d) and i) shortwave heating anomaly, €) and j) total radiative heating anomaly. Anomalies
are taken from the global mean in each simulation. All figures show a slice at latitude=0°, except
b) and g) which show a slice at longitude=0°. Top row is for simulations at 290K SST, bottom row is
for simulations at 305K SST. All simulations are from ICON GCM model runs in RCE aerosol plume
which has AOD=1.8 at the centre.

that, without the plume there is a small increase in the degree of aggregation comparatively
to the control run, however the simulation is significantly less aggregated than that at 305K.
When using a plume at 290K, we see that the addition of the plume has forced an increase

in the degree of aggregation.

The plume model used for these simulations creates large shortwave heating anomalies,
which have the ability to generate strong, thermally driven circulations (Dagan et al. 2019).
This is the mechanism that is hypothesised to drive the increase in the degree of aggre-
gation seen in these simulations. Figure 2.4 shows 4-year mean 3D zonal and meridional
wind fields and the longwave, shortwave and total radiative heating horizontal anomalies
for the two simulations with the plume. It is clear from Figure 2.4a, b, f, and g that the
plume incites a truly global circulation. There is strong convergence near the surface and
strong divergence in the upper atmosphere. This is driven by the radiative anomalies and
the subsequent feedbacks caused by changes in clouds and water vapour including con-
vecting heating anomalies. The plume itself incites the large shortwave heating anomalies
we can see in Figure 2.4d and j. There are significant differences in the vertical profile of

the shortwave heating caused by the plume. At 290K SST this heating is concentrated in
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a) Radial winds b) Tangential winds
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Figure 2.5. 5-day mean slices at day 720 of wind field taken at a radius of 40° around the plume
centre. The radial (a and c) and tangential (b and d) fields have then been calculated. Cloud fraction
contours are shown in black at (0.15,0.4,0.65). Positive radial winds are moving inwards, towards the
plume. Positive tangential winds are moving clockwise around the plume. Top row is for simulations
at 290K SST, bottom row is for simulations at 305K SST. All simulations are from ICON GCM model
runs in RCE with an aerosol plume with AOD=1.8 at the centre.

the lower troposphere, while at 305K the heating is strongest in the upper troposphere.

There is also a clear signal in the longwave heating anomalies (Figure 2.4c and i). Here
we see a strong negative anomaly in the upper troposphere close to the plume. This is
due to the larger emissivity, increased flux divergence and relatively high temperatures
near the top of the deep convective clouds formed around the plume. In the region of
the plume, in the lower troposphere we see a strong longwave heating. This is due to
the absorption and re-emission of longwave radiation from the bottom of the convective
clouds, and the additional absorption from the high amounts of moisture in that area. In
the 305K_Plume_NoHomog simulation, which is more aggregated than the 290K_Plume_-
NoHomog simulations, we can also see a strong negative anomaly in the longwave heating
at 5 km height, around +£100° longitude. This is similar to the strong longwave cooling in
the dry regions of the domain that has been shown to be vital to forming aggregation due

to the boundary layer circulation it incites (e.g. Muller and Held 2012; Sessions et al. 2016).

Figure 2.5 shows slices of winds taken around a 40° radius circle, centred on the plume’s

maximum AOD (latitude, longitude=0°). Radial and tangential wind contributions have then
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been calculated for both 290K_Plume_NoHomog and 305K_Plume_NoHomog. In the radial
wind fields (Figure 2.5a and c) the large-scale circulation can be seen. These radial winds
show that there is generally convergence towards the plume centre near the surface and
divergence in the upper troposphere away from the deep convection. This is consistent with
the thermally-driven circulation that was shown by Dagan et al. (2019) and that can be seen
in Figure 2.4. In the places where there is deep convection, the convergence extends higher
into the atmospheric column, particularly prevalent in the simulation at 305K SST (Figure
2.5¢). This implies the convection is being advected towards the plume at all heights. Hence,
as convection pops up randomly some distance from the plume this will then converge to-
wards the plume, and cluster together with the existing convection. This can sometimes
cause aggregation to have radial branches extending out of the central cluster, for example,
in Figure 2.2d. This aggregated spatial distribution can also be seen in other aggregation
simulations in GCMs, such as Coppin and Bony (2015), Figure 1. The winds working tangen-
tially to the plume also show a secondary circulation. This circulation has tangential surface
convergence towards the radial convection branches and upper atmospheric divergence.
This circulation helps to organise convection into lines connected to the central cluster

around the plume, and helps to maintain areas of drier, clear sky in-between these lines.

2.3.1 Assessment of hysteresis

Many previous studies of convective self-aggregation have found the convective cluster to
exhibit hysteresis - that is, once it has aggregated it will remain so even if the necessary
feedbacks are removed (e.g. Khairoutdinovand Emanuel 2010; Muller and Held 2012). How-
ever, in the simulation 290K_Plume_NoHomog, the aggregation has been forced to occur
through temperature perturbations creating thermally driven circulations. This aggrega-
tion is not necessarily maintained through the usual feedback interactions. To investigate

whether the circulations driving this organisation are self-sustaining and therefore able to
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maintain the aggregation when the plume is not there anymore, we ran simulations where
the plume is removed after 5 years at both SSTs. We then compare the o2, at the end of
these simulations, the simulations with no plume and the original 5-year simulations with
the plume. We found that, after the plume has been removed, 0%, drops back down to a
value comparable to the simulation without a plume at an SST of 290K, and at both SSTs,
the convection reverted to the geometrical patterns of the NoPlume simulations. Therefore,
the aerosol plume does not generate convective aggregation that exhibits hysteresis, and

the existence of the cluster is directly linked to the existence of the forcing.

2.3.2 Sensitivity to aerosol plume strength

A number of sensitivity experiments were performed to investigate the results’ robustness
for different aerosol radiative perturbations. A range of 7 different AODs were used, in-
cluding the original AOD=1.8 and these were all compared with the experiment with no
plume. The other AODs tested were 0.3, 0.4, 0.5, 0.6, 1, and 1.2. To generalise these re-
sults to different combinations of AOD and SSA (which remains fixed at 0.8 throughout this
study), we discuss the plume 'strength’ with respect to the aerosol absorption optical depth

(AAOD), which is defined as
AAOD = AOD % (1 —SSA) (2.1)

Therefore, the values of AAOD tested were 0.06,0.08,0.1,0.12,0.2,0.24, and 0.36.

As AAQOD is increased, the degree of aggregation also generally increases, except between
AAOD = 0.24 and 0.36, at which point the AAOD remains steady (Figure 2.6). The three
simulations with the weakest forcings (AAOD=0, 0.06, 0.08) do not show much difference in
their 0%y, When the AAOD is increased to 0.12 or greater there are significant increases in

oy and therefore, increases in the degree of aggregation. The simulations with an aerosol
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Figure 2.6. 4-year mean variance of column relative humidity (CRH) for simulations run at 290K.
Vertical lines show one standard deviation around the means. All simulations are from ICON GCM
model runs in RCE with an aerosol plume (except for No plume), centred on latitude, longitude
= (0,0), and single scattering albedo=0.8. Simulation plume maximum absorption aerosol optical
depth (AAOD) at centre increases from 0.06 to 0.36 along the x-axis.

plume AAOD of 0.24 and 0.36 show the strongest response, with the simulations with an
AAOD of 0.12, and 0.2 also showing an increase in o%g,, compared with the simulation
without an aerosol plume. From this, we note that, for the aerosol plume to have an impact
on the aggregation convection at an SST of 290K, there must be an AAOD of at least 0.12.
Pollution plumes seen in the real-world can have AAODs of 0.12 or greater during high
pollution events, such as during biomass burning events (e.g. Sharma et al. 2017), or dust
events (e.g. Filonchyk et al. 2020), and so we hypothesise that these aerosol plumes could

have a local impact on convective organisation.
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2.4 Physical mechanisms behind forced aggre-

gation

2.4.1 Frozen moist static energy budget

In this section, we investigate, using the frozen moist static energy (FMSE) budget described
in Section 2.2.5 (Wing and Emanuel 2014),the physical mechanisms driving the aggregation
of convection in our simulations. In particular, we are interested in how the relative contri-

butions from the shortwave feedbacks differ when using the plume to force aggregation.

Figure 2.7 compares the relative contributions of the hNetLW’, hNetSW’, hSEF’, and
hAdv’, feedbacks to the overall growth rate of the FMSE variance, from equation 2.2 for the
simulations at 290K and 305K SSTs, both with and without the plume. Hereafter, these feed-
backs are referred to as the longwave, shortwave, surface enthalpy,and advective feedbacks,
respectively. It is clear that in each simulation the strongest, positive relative contribution
comes from the longwave feedbacks once the simulations have reached equilibrium. This
follows previous studies, such as Coppin and Bony (2015) and Arnold and Putman (2018). In
the three, more aggregated, simulations (290K_Plume_NoHomog, 305K_Plume_NoHomog,
and 305K_NoHomog) the contribution from the longwave feedbacks decreases after the
initial aggregating period, but still remains the strongest relative feedback. When the con-
tribution is split into the contribution from the wettest 5% and driest 5% of columns (Figure
2.8) we can see this strong longwave feedback is primarily working in the wettest regions of
the domain. These wet regions correlate with the cloudiest regions in the domain. However,
it is important to note that these co-variances will be affected by the domain-mean itself. In
the aggregating stage of the simulations, the relative contribution from the longwave feed-

back also dominates for all simulations except in 305K_Plume_NoHomog (Figure 2.7d).
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Figure 2.7. 5-day mean time evolution of domain mean feedback growth rates in the frozen moist
static energy budget (FMSE). a) and c) simulations at sea surface temperature (SST) of 290K, b) and
d) SST at 305K. Circles show final 4-years mean, with vertical line showing one standard deviation
of the 5-day mean feedback growth rates in time. All simulations are from ICON GCM model runs in
RCE. b) and d) are run with an aerosol plume with AOD=1.8 at the centre. Grey dotted line highlights
y=0.

The relative contribution from the shortwave feedbacks is strongest in the 290K _Plume_-
NoHomog simulation (Figure 2.7b). Here, there is an almost equal contribution from the
longwave and shortwave feedbacks. This increase comes from the inclusion of the plume,
driving a large positive perturbation in the shortwave convergence. Interestingly we do
not see the same dominance from the shortwave feedbacks in the 305K_Plume_NoHomog
simulation (Figure 2.7d). A theory for this is given in the SHORTWAVE FEEDBACKS section
below. The driver of this increase in the shortwave contribution comes mainly from the
wettest columns of the domain, with the contributions in the driest columns remaining

mostly equal to those in the 290K_NoHomog simulation.
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Figure 2.8. 5-day mean time evolution of mean feedback growth rates in the frozen moist static
energy budget (FMSE) in the wettest 5% of columns (lighter lines) and driest 5% of columns (darker
lines). a) and c) simulations at sea surface temperature (SST) of 290K, b) and d) SST at 305K. Circles
show final 4-years mean, with vertical line showing one standard deviation of the 5-day mean feed-
back growth rates in time. ALl simulations are from ICON GCM model runs in RCE. b) and d) are run
with an aerosol plume with AOD=1.8 at the centre. Grey dotted line highlights y=0.

At an SST of 305K, the contribution from the surface enthalpy fluxes is close to zero, however,
at 290K we see a negative contribution in the simulation without a plume, and a positive
contribution in the simulation with a plume. The sign of the enthalpy feedback is driven by
the feedbacks in the driest columns in both these simulations, in particular this is driven
mostly by the latent heat fluxes in these dry columns. We hypothesise that the strongly pos-
itive feedback in the simulation with the plume is due to decreased windspeeds in the driest
columns furthest away from the plume. This is the positive WISHE mechanism described in
Coppin and Bony (2015). For the remainder of this chapter, we will focus on the radiative

feedbacks due to the direct interactions between the plume and radiative feedbacks.
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LONGWAVE FEEDBACKS

The key positive feedback behind the longwave mechanism in these simulations is the
reduced column longwave radiative cooling in the moist, convecting region close to the
plume. This acts as a source of FMSE, and thus constitutes a positive feedback. This feedback

is the same as the longwave maintenance feedback described in Wing and Emanuel (2014).
SHORTWAVE FEEDBACKS

The small, but positive, shortwave feedbacks in the plume-free runs are simple to under-
stand: as water vapour is an absorber in the shortwave, wet columns will have higher
absorption than the drier columns. This correlates well with the anomalies of H, and so
we see a positive shortwave feedback, both in the global mean, and at each grid cell in
the domain (not shown). The increased contributions from the shortwave feedbacks in the
wettest columns in 290K_Plume_NoHomog arise from the direct shortwave absorption as-
sociated with the plume. This strong shortwave perturbation, also seen in Figure 2.4d, is
the driving influence of the increased degree in aggregation for this simulation. As stated
before, we do not see the same increase in the shortwave contribution in 305K_Plume_No-
Homog. This is likely due to the fact that, at this SST, the longwave feedbacks are sufficient
to drive aggregation, as proven by the highly aggregated simulation at 305K SST without
the plume. Therefore, the introduction of the shortwave perturbation at this SST drives a
thermally driven circulation, which influences the shape in which convection aggregates,

but is not required for the aggregation itself.

2.4.2 Mechanism denial tests

To further investigate the role longwave and shortwave feedbacks play with and without

the plume in our simulations, we ran a suite of experiments where the longwave and short-
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wave fluxes were homogenised in turn at each timestep, and at each model layer, following
Muller and Held (2012). Shamekh et al. (2020a) found that when they forced convection to
aggregate, using an SST hotpot, this induced enough convective instability on its own, that
aggregation occurred in the absence of the usually necessary longwave feedbacks. Here,
we are particularly interested in whether our convection can also be forced to aggregate

in the absence of the longwave feedbacks.
UNFORCED SIMULATIONS

Figure 2.9 compares the CRH at the end of each 5-year simulation across this suite of experi-
ments. Firstly, focussing on the simulations without a plume, we can see that homogenising
the longwave fluxes removes all aggregation, leaving a mostly homogeneous moisture field
(Figure 2.9b and h). This is expected, given the longwave feedbacks dominate in all sim-
ulations, discussed in the previous section. This is also in line with previous studies, such
as Muller and Held (2012), Yang (2018a), Beucler and Cronin (2019) and others. To further
prove that the removal of interactive longwave fluxes removes aggregation we can compare
the timeseries of our metric, o2y, for runs with fully interactive fluxes and homogenised
longwave fluxes. It is clear, from Figure 2.10, that the removal of interactive longwave

fluxes significantly reduces the degree of aggregation at both 290K and 305K SST.

When shortwave fluxes are homogenised, there is little visible difference in how aggregated
the moisture field is. Indeed, when the degree of aggregation is compared in Figure 2.10,

we can see that, at both 290K and 305K SST there are no significant changes in o2,
FORCED SIMULATIONS

When shortwave fluxes are homogenised with the plume in the simulations, the moisture
distribution returns to roughly how it was arranged with no plume. This makes intuitive
sense, as our plume model works by perturbing the shortwave absorption. When these per-

turbations are then homogenised across the domain, we will no longer see spatial evidence
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Figure 2.9. 5-day mean column relative humidity (CRH) after 5 years of ICON GCM RCE simulations.
a)-c) and g)-i) are simulations without an aerosol plume. b)-d) and j)-l) are simulations with an
aerosol plume, centred inside the white circle, maximum aerosol optical depth (AOD)=1.8 (except
e) which has AOD=1, and k) which has AOD=0.8) and single scattering albedo=0.8, decreasing in a
Gaussian way with a standard deviation of 10°. White circle shows 20° radius around plume cen-
tre, containing 95% of AOD. a)-f) Sea surface temperature (SST)=290K, g)-l) SST=305K. First column
shows experiments with fully interactive radiative heating, second column shows experiments with
longwave heating rates horizontally homogenised at each model level, third column shows experi-
ments with shortwave heating rates horizontally homogenised at each model level. All homogenis-
ing is done at every timestep, except for e) 290K_plume_homoglLW and k) 305K_plume_homogLW,
where homogenising is done for 3 out of every 4 timesteps.
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Figure 2.10. 5-day mean time evolution of variance of column relative humidity (CRH) for ICON GCM
simulations in RCE. Top/bottom panel shows simulations at SST=290K/305K. Blue and purple lines
show simulations with no plume, orange and green lines show simulations with aerosol plume. Dark-
est line in each colour shows simulation with fully interactive radiation, second darkest line shows
simulations with homogenised longwave fluxes, lightest lines show simulations with homogenised
shortwave fluxes. Circles show mean over the final 4 years of simulation, vertical bars represent one
standard deviation of the 5-day mean oy, in time. Aerosol plume has AOD=1.8 at the centre. All
homogenising is done at every timestep, except for e) 290K_plume_homoglLW and k) 305K_plume_-
homoglLW, where homogenising is done for 3 out of every 4 timesteps.

of the plume. We can see this in Figure 2.9f and L. Similarly, the degree of aggregation in

these runs is equal to the equivalent runs without a plume, (Figure 2.10).

The key remaining question, is whether the shortwave perturbations induced by the plume
generate a powerful enough circulation to force convection to aggregate without interactive
longwave fluxes. From the evidence provided in Section 2.4.1, one might expect that we see
a different response to homogenising longwave fluxes at 290K and 305K, due to the smaller
shortwave contribution at 305K. First, by visual inspection of the horizontal moisture maps

in Figure 2.9e and k this appears to be the case. In 305K _Plume_HomoglLW (Figure 2.9k)



78

we can see only a small amount of evidence of the plume. Here, the homogenisation of
the longwave fluxes has prevented most of the aggregation. This is further supported in
Figure 2.10, where the degree of aggregation in 305K_Plume_HomoglLW is far lower than
that in 305K_NoHomog, and only slightly higher than the degree of aggregation in 305K _-
HomogLW, our original control case. In the 290K _Plume_HomoglLW experiment, there is
significantly more visual evidence of the plume aggregating convection in Figure 2.9e. In-
spection of our metric timeseries in Figure 2.10 shows that, 290K_Plume_HomogLW has a
higher degree of aggregation comparatively to 290K_NoHomog. This supports results from
Shamekh et al. (2020a), who also found that they could force convection to aggregate us-
ing SST hotspots even with homogenised radiative heating. However, we still see a slight
decrease in the degree of aggregation when the longwave fluxes are homogenised com-
pared to 290K_Plume_NoHomog. This implies that, whilst not always a necessary feedback,
the longwave feedbacks systematically aid the aggregation of convection with the plume
and that the shortwave heating induced by the plume is not the only driver of the ther-
mally driven circulation. The strong lower tropospheric warming in the longwave caused
by the aggregation of moisture and convection around the plume is also important for

maintaining the circulation.

To fully understand why the shortwave feedbacks are more effective at aggregating the con-
vection at 290K SST with the plume (compared to 305K SST) we investigate the differences
in the absolute magnitude of the circulation and radiative heating perturbations induced
by the plume when longwave fluxes are homogenised (Figure 2.11). At both SSTs there is
an increase in the shortwave heating perturbation near the surface when longwave fluxes
are homogenised, most likely due to a reduced cloud shielding effect. The magnitude of
this shortwave anomaly is greater at 290K SST than at 305K. This leads to a weaker reduc-
tion in the thermally-driven circulation at 290K. This means that, even with homogenised
longwave feedbacks causing a large reduction in lower tropospheric longwave heating near

to the plume, the thermally-driven circulation is being controlled mainly by the shortwave
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Figure 2.11. 4-year mean difference between the absolute magnitude of a) and g) Zonal winds, b)
and h) Meridional winds, ¢) and i) longwave heating anomaly, d) and j) shortwave heating anomaly,
e) and k) total radiative heating anomaly for simulations with horizontally homogenised longwave
radiation minus fully interactive radiation (e.g. HomogLW - NoHomog) . All figures show a slice at
latitude=0, except b) and h) which show a slice at longitude=0. Top row is for simulations at 290K
SST, bottom row is for simulations at 305K SST. All simulations are from ICON GCM model runs in
RCE with an aerosol plume, centred on latitude, longitude = (0,0), and single scattering albedo=0.8.
NoHomog simulations both have maximum aerosol optical depth (AOD) of 1.8 at the plume centre,
HomogLW at 290K has maximum AOD=1, HomogLW at 305K has maximum AOD=0.8.

feedbacks at 290K SST. Also, there is some evidence in the literature that shortwave feed-
backs tend to become more important at lower SSTs (e.g. Holloway and Woolnough 2016;
Wing and Cronin 2016; Pope et al. 2021). The lower tropospheric shortwave heating in
290K _Plume_HomogLW, is therefore managing to drive some aggregation and so is respon-
sible for the increase in the degree of aggregation between 290K_NoHomog and 290K -
Plume_HomoglLW in Figure 2.10. At the higher SST, 305K, there is some surface shortwave
heating near to the plume in Figure 2.11j, however, this is extremely weak. We hypothe-
sise that this is the reason for the increase in the degree of aggregation between the 305K
control run and 305K_Plume_HomoglLW being smaller than the increase between the 290K
control run and 290K _Plume_HomoglLW (Figure 2.10). These results are in line with the
FMSE variance budget analysis in Section 2.4.1, which showed a stronger contribution from

the shortwave feedbacks at the lower SST between the two simulations with the plume.
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2.5 Conclusions and implications

Convective self-aggregation has been shown to occur in many different modelling setups,
including in general circulation models (GCMs) with a convective parameterisation scheme.
Work thus far has focused on spontaneously occurring self-aggregation. In this chapter we
focus on convective aggregation in the presence of an external source of diabatic heating,
representative of aerosol radiative perturbations. This plume induces a thermally-driven
circulation. We were particularly interested in how the forcing affected the ability of a
simulation to aggregate,and whether the mechanisms behind this forced aggregation differ

from those causing a spontaneous self-aggregation.

The radiative perturbation caused by the aerosol plume forces an increase in the degree of
aggregation through the generation of a large-scale circulation. This circulation is driven
by strong shortwave warming due to the aerosol absorption, and enhanced by strong lower
tropospheric longwave warming from the aggregation of moisture. The aggregation that
is forced by this radiative plume is a superposition of two circulations. One circulation
has radial convergence towards the plume in the lower atmosphere and radial divergence
in the upper atmosphere. The second circulation works tangentially to the plume again
with lower-level convergence and upper-level divergence, shaping the lines of convection

connected radially to the central cluster formed around the plume.

The forced aggregation shown in this chapter is dependent on the aerosol plume. When
the plume was removed, the convection immediately disaggregates. Therefore, in contrast
to previous studies (e.g. Khairoutdinov and Emanuel 2010; Muller and Held 2012), forced
aggregation does not exhibit hysteresis and is entirely dependent on the plume forcing’s

existence in this chapter.

Longwave feedbacks are found to be essential for forming convective self-aggregation, in
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line with many previous studies (e.g. Muller and Held 2012; Wing and Emanuel 2014; Arnold
and Putman 2018) at both SSTs, however, at lower SSTs, in the presence of a strong short-
wave radiative heating perturbation convection can be forced to aggregate in the absence
of longwave feedbacks. In addition, the contribution from surface enthalpy flux feedbacks
varies at different SSTs, with a stronger contribution at lower SSTs. This is in contrast to
the results from (Coppin and Bony 2015), who found the importance of surface fluxes was
greater at higher SSTs. However, in these simulations, the greater importance of the sur-
face flux feedback is directly related to the inclusion of the aerosol plume forcing. Due
to the circulation induced by the plume, the WISHE feedback plays a larger role in driving
the aggregation at the lower SST. When comparing the mechanisms behind unforced and
forced aggregation, we find that shortwave feedbacks play a larger role in forming the ag-
gregation at 290K SST with the plume than any other simulation. This is confirmed through
mechanism denial experiments with horizontally homogenised longwave radiative heat-
ing, where convection is able to aggregate through the induced circulation, driven by short-
wave heating anomalies. Therefore, we have shown that, even when aggregation is forced
to organise together through a diabatic heating perturbation, the self-generated feedbacks
between clouds, moisture, and longwave radiative fluxes are necessary for maintaining the

high degree of aggregation. This also appears to be more relevent at higher SSTs.

We have shown that an aerosol absorption optical depth (AAOD) of 0.12 or greater is re-
quired to force simulations to aggregate at an SST of 290K, and the maximum degree of
aggregation is reached at an AAOD of roughly 0.24. There are many examples of aerosol
plumes with AAODs greater than 0.12 in the real world such as pollution, dust events,
and biomass burning events (e.g. Eck et al. 2003; Vadrevu et al. 2015; Sharma et al. 2017;
Filonchyk et al. 2020). Therefore, these events could be an important real-world analogue
for convective aggregation. However, the real atmosphere contains far more complexity
than is included in the model used here. Features of this complexity, such as planetary ro-

tation, land, and an interactive sea surface, can hugely affect the lifetime and size-spectrum
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of convection. Therefore, we can hypothesise that these dust and pollution events may have
an effect on locally organising convection, but more work is needed to deduce how this may

be manifested and what feedbacks are working in the real atmosphere.









3 | Aggregation in the presence of an

island

Basically, | have been compelled by curiosity.

MARY LEAKEY

The analysis in the previous chapter showed that we can increase the degree of aggrega-
tion in a simulation by artificially forcing a large-scale thermally-driven circulation, as well
as highlighting that self-aggregation feedbacks remain important, even when aggregation
is forced to cluster together. We linked the results of this chapter to possible interactions
between absorbing aerosols, such as those from biomass burning, and organised convec-
tion in the real world. The thermal forcing we used for those simulations was atmospheric,
over a homogeneous surface. This homogeneous surface is another simplification used in
idealised RCE models studying aggregation. The remaining chapters move on to investi-
gate how inhomogeneous surfaces can impact aggregation. In this chapter, we include a
land-surface to study how land might interact with aggregated convection and it’s asso-

ciated large-scale circulation.

This chapter is based on an article published in Journal of Advances in Modeling Earth Sys-

tems:
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Dingley, B., Dagan, G., Stier, P., and Herbert, R. (2023). The impact of a land-sea contrast on
convective aggregation in radiative-convective equilibrium. Journal of Advances in Model-

ing Earth Systems, 15,e2022MS003249. https://doi.org/10.1029/2022MS003249
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Abstract

Convective aggregation is an important atmospheric phenomenon which frequently occurs
in idealised models in radiative-convective equilibrium (RCE), where the effects of land, ro-
tation, sea surface temperature gradients, and the diurnal cycle are often removed. This
aggregation is often triggered and maintained by self-generated radiatively driven circula-
tions, for which longwave feedbacks are essential. Many questions remain over how impor-
tant the driving processes of aggregation in idealised models are in the real atmosphere. We
approach this question by adding a ‘continentally-sized’, idealised tropical rainforest island
into an RCE model to investigate how land-sea contrasts impact convective aggregation and
its mechanisms. We show that convection preferentially forms over the island persistently
in our simulation. This is forced by a large-scale, thermally driven circulation. First, a sea-
breeze circulation is triggered by the land-sea thermal contrast, driven by surface sensible
heating. This sea-breeze circulation triggers convection which then generates longwave
heating anomalies. We find that these longwave heating anomalies are necessary for main-
taining the aggregation of convection over the island through mechanism denial tests. We
also show, by varying the island size, that the aggregated convective cluster appears to have
a maximum spatial extent of @(10,000 km). These results highlight that the mechanisms

of idealised aggregation remain relevant when land is included in the model, and therefore
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these mechanisms could help us understand convective organisation in the real-world.

3.1 Introduction

Idealised climate models are a useful tool for studying moist convection in the tropical
climate. In these models rotation, land, the diurnal cycle, and sea surface temperature
(SST) gradients are often removed. In this simplified configuration, any imbalances caused
by radiative cooling is balanced by convective heating. This balance is known as radiative-
convective equilibrium (RCE) (Manabe and Wetherald 1967). Removing these complexities
associated with heterogeneities in the boundary conditions allows for studies to analyse
the processes of importance to moist convection, such as its interactions with radiation and
circulations (Wing et al. 2020). Due to the negligible Coriolis force in the tropics, previous
studies have found that RCE is a reasonable representation of the tropical climate (Jakob et
al. 2019), and therefore it has been extensively used in studies of the tropical atmosphere
(e.g Manabe and Wetherald 1967; Held et al. 1993; Tompkins and Craig 1998; Robe and
Emanuel 2001; Stephens et al. 2008; Khairoutdinov and Emanuel 2013; Wing et al. 2020).

Despite RCE being regarded as a reasonable simplification of the tropical climate, the real-
world relevance of the behaviour of deep convection in these models is debated. In par-
ticular, many of the processes which are removed in an RCE model have been shown to
influence the organisation of convection, such as SST gradients (Muller and Hohenegger
2020; Shamekh et al. 2020a; Tompkins and Semie 2021) and land-sea contrasts (Sato et al.
2009; Cronin et al. 2015; Leutwyler and Hohenegger 2021). There is an increasing num-
ber of studies which highlight the possible role of the feedbacks essential to aggregation
in real-world convective processes. For example, both the MJO and tropical cyclones have
been simulated in RCE models with rotation (Arnold and Randall 2015; Davis 2015; Wing
et al. 2016; Khairoutdinov and Emanuel 2018; Muller and Romps 2018), and the diabatic
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heating from absorbing aerosol plumes has been shown to force convection to aggregate
(Dingley et al. 2021). Inhomogeneous surfaces have also been shown to strongly affect
convective aggregation. Studies have shown that SST gradients force convection to cluster
over warmer SSTs (Tompkins 2001a; Muller and Hohenegger 2020; Shamekh et al. 2020a),
whilst interactive SSTs have been shown to prevent or delay the aggregation of convec-
tion (Hohenegger and Stevens 2016; Shamekh et al. 2020b; Tompkins and Semie 2021).
This is because the SST under a convective cluster will cool due to cloud shielding, whilst
SSTs away from the convection will warm, which will then drive a circulation towards the
dry region, disaggregating the convection. The organisation of convection has also been
studied on a land-like planet in RCE, with no ocean. Here Hohenegger and Stevens (2018)
found that, as with interactive SSTs, the ability of land to change temperature causes a
homogenisation of the precipitation field on long time scales. They found that when an
area of the domain is not covered by a convective cluster, the drying which occurs acts to
induce a low-level circulation which changes the low-level flow direction towards this dry
region, instead of towards the convective cluster. This aggregates convection in this orig-
inally drier region, until a new dry area forms and induces this circulation reversal again.
Therefore, these soil moisture-atmosphere interactions can act to prevent the long-term

aggregation of convection.

Thus far, less attention has been given to the impact of land-sea contrasts on aggregation.
Differences in the behaviour of land and ocean could have large impacts on aggregation,
such as the differences in the heat capacities of land and ocean (causing the land-ocean
thermal contrast), moisture availability (land has the ability to dry out, whereas the ocean
acts as an infinite water source), orography and the surface roughness length. Each of these
factors can greatly affect the surface fluxes, which have previously been shown to impact
the formation of aggregation (Bretherton et al. 2005; Coppin and Bony 2015; Yang 2018a),
and so including land in RCE simulations could impact whether aggregation can form, and

its lifetime, whilst also taking a large step towards a more realistic modelling paradigm.
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Previous investigations of islands in an RCE model have shown that convection and precip-
itation tend to favour land (Cronin et al. 2015; Wang and Sobel 2017; Coppin and Bellon
2019a; Leutwyler and Hohenegger 2021). Land has also been found to have an impact
on the domain-mean tropospheric temperature in an RCE simulation. Cronin et al. (2015)
found that the presence of an island increased the tropospheric temperature comparatively
to an all-ocean simulation,and this warming increased monotonically with island size. They
postulate that this is due to the clouds forming at the warmest and moistest areas (which
are over the island), pushing deep convection towards a moister adiabat. Contrastingly,
Leutwyler and Hohenegger (2021) found that the presence of islands has a tendency to cool
the troposphere, with larger islands having a larger cooling effect. Hohenegger and Stevens
(2018) discussed two pathways with which land, and the associated surface fluxes could
influence the generation of circulations. The first was that moist soil favours convection
(Findell and Eltahir 2003; Gentine et al. 2013), creating a positive feedback where enhanced
precipitation maintains soil moisture. The second pathway was that, if a soil-moisture gra-
dient can form, sensible heat gradients will also form, generating an opposing low-level
circulation from moist to dry regions which can act to destabilise the convection. In their
work over a land-only planet, Hohenegger and Stevens (2018) found the latter pathway
dominated, preventing the persistent aggregation of convection. Leutwyler and Hoheneg-
ger (2021) also attributed the ability of tropical islands to cool the troposphere in their
simulations to the same mechanism and identified that this was the key difference between
their work and the work of Cronin et al. (2015), where land was simply modelled as a patch
of ocean with a heat capacity anomaly. Thus it seems likely that the results of Leutwyler
and Hohenegger (2021) are more realistic. This also links to known soil-moisture versus
radiation-limited flux mechanisms - soil moisture-limited regimes are those where the main
control on evapotranspiration is the soil moisture, whereas radiation-limited regimes are
those when evaporative fraction is independent of soil moisture content (Seneviratne et al.

2010). Thus, with the more simplified set-up of Cronin et al. (2015), they are likely always
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in an energy-limited regime, whilst in the work of Hohenegger and Stevens (2018) and
Leutwyler and Hohenegger (2021), soil moisture is providing a first-order control on evap-

otranspiration, and therefore surface fluxes will have a greater impact on the circulations.

The Tropical Rain belts with an Annual cycle and a Continent Model Intercomparison Project
(TRACMIP; Voigt et al. 2016) devised another idealised modelling framework in order to in-
vestigate clouds, circulation and precipitation. In their project, simulations with a zonally-
symmetric, meridional SST gradient were performed which included a slab ocean and an
idealised land continent along with both a seasonal and diurnal cycle in insolation. They
find that adding a land continent led to a domain-mean cooling of 0.1 - 1.8 K. In particular,
Biasutti et al. (2021) found that the initial energy perturbation to the land surface leads to
a significant warming of the continent, despite the land’s relatively higher albedo, whilst
in equilibrium the land warms a little at the equator, but the continent is mostly cooler
than the surrounding ocean surface. The authors hypothesise that the local feedbacks be-
tween clouds and radiation are likely important at maintaining these surface temperature

anomalies due to low atmospheric humidity, and that albedo only has a minor impact.

Previous studies of islands in an RCE simulation have focused mainly on the effect the
land-sea contrast has on the diurnal cycle of convection, precipitation and temperature
profile more than the mechanisms behind any organisation of convection. They have also
exclusively investigated the effect in a cloud-resolving model (CRM), where island size is
limited. To our knowledge, no studies thus far have investigated the effect of a large island
(between the size of Africa and South America) on aggregation. In this chapter we aim to

answer the following questions:

1. How does the inclusion of an idealised island in a global RCE model impact the ag-

gregation of convection? In particular:

 the spatial structure of aggregation,
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e the domain-mean atmospheric properties.
2. How does the inclusion of an island affect the global circulation?

3. Are the physical mechanisms responsible for aggregation similar to those seen in

land-free simulations, or forced aggregation simulations?

4. How sensitive are these results to the island size?

3.2 Methods

3.2.1 Model set-up

In all simulations, we employ the |ICOsahedral Nonhydrostatic (ICON) Atmospheric GCM
(Zangl et al. 2015; Giorgetta et al. 2018), version 1.8. The same model parameterisation

schemes as in Chapter 2 are used, along with the same model grid.

The JSBACH4 land model (Jungclaus et al. 2022) is a dynamic global vegetation model and
offers a full representation of soil-vegetation-atmosphere interactions. The surface energy
budget and soil thermal layers over land are implicitly coupled to ICON through the vertical
diffusion scheme. There are four soil layers which descend to roughly 4.5 m depth; heat

and water dynamics are defined on these soil levels.

Each grid cell over land is divided into two sections: a "tiled” fraction, and the fraction of
the non-ice covered grid-cell that is inhospitable to vegetation (for example, rocky terrain
or sandy desert). The tiled fraction of the grid box is then further separated into differ-
ent surface types to represent sub-grid scale heterogeneity: a glacier, or one of 11 plant

functional types (Reick et al. 2013).
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3.2.2 Experimental set-up

The atmospheric experimental set up in this chapter matches the configuration in Chapter
2. However, we now only use the higher SST of 305K. In these simulations we use a model
time step of 15 minutes, with radiation calculated every 90 minutes. We also tested a ra-
diation time steps of 30,45, and 60 minutes and the results were qualitatively similar. The

simulations described in this chapter were run for two years.

Land in our simulations is represented by a large, circular island, located at latitude = 0°
longitude = 0° with a radius of 40° (giving the land an area of 35.7x10° km?). All land
grid cells are completely covered by vegetation, with no glaciers. Surface properties have
been set to average tropical rainforest-like values, with tropical broadleaf evergreen vege-
tation covering the island, to mimic tropical warm conditions. Rainforest surface properties
are taken from the JSBACH4 initialisation dataset (Hagemann 2002; Reick et al. 2021), and
averaged over a box in the Amazon with latitudes ranging between -1° to -10° and lon-
gitudes ranging between -70° to -60°. Some of the key surface properties are listed in
Table 3.1. Soil temperature is the only property not set using Amazon rainforest equivalent
values. Soil temperature is initialised as equal to the SST at all model levels, following
Leutwyler and Hohenegger (2021). We ran a test simulation with Amazon rainforest values
for the soil temperature and found that our results were invariant to this choice. Results
were also tested with island surface temperatures ranging between 300K to 310K at in-
crements of 1K, and again were found to be invariant to our choice of initial temperature.
Another sensitivity test was performed for the vegetation type. For this test we changed
from rainforest land parameters, to grass parameters (see Table 3.1). The results of this test
were again, quantitatively similar to the rainforest experiment, and can be found in Section
3.3.1.1. The island has an elevation of 0 m everywhere, to remove effects on convection

and its organisation from topography.
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Parameter Name Rainforest Grass

Soil type Mixture of loam and Loam (FAO flag 3)
clay (FAO flag 4)

Plant functional type 4 7

Thermal diffusivity 7.1x107 m? s7! 74x107 m? s~!

Leaf area index 8.928 2

Root depth 1.351m Im

Vegetation albedo 0.122 0.3

Roughness length 1.871m 0.05m

Soil depth (to bedrock) 2.194 m 3m

Heat capacity 2.36%10° ) m—3 K~! 2.25%10° ) m—3 K

Heat conductivity 1.68 Wm~' K™! 1.67Wm™' K™

Soil porosity 0.456 m m™! 0.459 m m™!

Table 3.1. Surface properties used to initialise the JSBACH4 land model within the ICON GCM for
the rainforest and grass experiments.

To test the impact of the radiative feedbacks on aggregation, we perform mechanism de-
nial tests, where the longwave or shortwave heating rates are horizontally homogenised
in turn, at each model level and each time-step. These experiments will hereafter be re-
ferred to as Land-HomoglW and Land-HomogSW respectively. Surface fluxes remain in-

teractive for all simulations.

Finally, in order to contextualise our results with existing self-aggregation studies, we will
compare our simulations to both an aggregated and a non-aggregated RCE simulation with-
out land. In Chapter 2 we showed that, at an SST of 305K aquaplanet ICON GCM RCE simu-
lations (that are otherwise identical to the above Land-NoHomog) strongly self-aggregate
with interactive radiative fluxes, and do not aggregate with homogenised longwave radia-
tive heating (see Figure 2.9g and h respectively). Thus, these are the simulations we will
use to compare our results to (hereafter NoLand-Aggregated, and NoLand-NotAggregated

respectively). A table describing all experiments in this chapter can be found in Table 3.2.
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Experiment Name Land Interactive LW  Interactive SW
Land-NoHomog v v v
Land-HomoglLW v X v
Land-HomogSW v v X
NolLand-Aggregated X v v
NoLand-NotAggregated X X v

Table 3.2. List of experiments

3.2.3 Analysis methods

In order to compare the relative degree of aggregation of different simulations, we again use
the variance of column-integrated relative humidity (CRH; oZg,,) metric (Wing and Cronin
2016). We also tested results using the variance of frozen moist static energy. For all sim-

ulations, results were qualitatively similar.

Finally, to help us identify important feedbacks driving aggregation in our simulations, we
will also use the frozen moist static energy (FMSE) variance budget again, as defined by
Wing and Emanuel (2014):

1a1{f2

S50 = h'SEF’ + h/NetLW’ + h’NetSW’ — h’Adv’ (3.1)

3.3 Results

3.3.1 Land-centred aggregation

Convection primarily forms over the island throughout our Land-NoHomog simulation (Fig-
ure 3.1a, c), driving large moisture gradients, with the moistest columns of the domain
consistently over the island, and the driest columns typically furthest away from the island

(Figure 3.1b,d). Aggregation can seen between 5-10 days after the simulation start. Convec-
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Figure 3.1. a), b): 4-hour mean snapshots of a) outgoing longwave radiation (OLR) and b) column
relative humidity (CRH) on day 100 of the simulation. c), d): Hovmoller plots of ¢) OLR, and d) CRH
over the first 180 days of the Land-NoHomog simulation, taken as a zonal slice through latitude=0°.
The yellow lines show the coasts of the 40° radius island.

tion continues to aggregate until approximately day 70, when atmospheric equilibrium and
therefore equilibrium in the moisture variance is reached (Figure 3.2). Convection which is
triggered over the island itself, typically forms at the centre of the island and is advected

towards the coastline of the island.

We earlier introduced the two pathways with which land, and the associated surface fluxes
could influence the generation of circulations from Hohenegger and Stevens (2018). In

our simulations, despite the use of a dynamic vegetation model where soil-moisture gradi-
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Figure 3.2. a)-b) Time evolution of variance of domain-mean column relative humidity (CRH,; O'ZCRH).
c)-e): Domain-mean vertical profiles of ¢) temperature, d) relative humidity, e) cloud fraction, differ-
ence from NoLand-NotAggregated, time-averaged over days 100-720 of the simulations.
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Figure 3.3. Timeseries of the soil moisture, relative to field capacity in each of the four soil layers
over the first 90 days of the Land-NoHomog simulation. Layer 1 is the surface layer (O m - 0.065 m),
layer 2 (0.065 m-0.319 m), layer 3 (0.319 m-1.232 m), and layer 4 (1.232 m-4.134 m).

ents could form, the persistent cluster of cloud covering the island prevents this, and thus
we remain in the first pathway, where evaporation is not limited by soil-moisture (Koster
et al. 2004; Seneviratne et al. 2006, 2010). This is evident from Figure 3.3, where we can
see that the relative soil moisture (mostly) increases in all soil layers from the start of the
simulation. After approximately 50 days, the soil column is almost completely saturated.
The water budget is balanced in this model through surface runoff, drainage at the bot-
tom of the soil column, and a small surface water convergence. In this simulation, there
is approximately 1 mm of surface water for most of the simulation, and with the rainfor-
est vegetation type, drainage provides the largest moisture sink. Thus, despite the more
advanced modelling configuration, our island becomes closer to the saturated island sim-

ulation of Cronin et al. (2015).

Figure 3.2 shows a comparison of the domain-mean properties of this simulation (Land-
NoHomog) with the NoLand-NotAggregated simulation, and the NoLand-Aggregated simu-
lation. We can see that compared to the NoLand-NotAggregated simulation, there is a strong
domain-mean warming, free-tropospheric drying, and a decrease in high level clouds. This
is consistent with the results of many previous self-aggregation studies (e.g. Cronin and

Wing 2017; Wing et al. 2020). The Land-NoHomog shows similar domain-mean effects
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of aggregation to the NoLand-Aggregated simulation, with Figure 3.2a showing the same
degree of aggregation between these two simulations. There is also little change in the
amount of free-tropospheric drying and reduction in high cloud fraction between the runs
with/without land, but there is slightly less drying of the lower troposphere and an increase
in tropopause height when land is present. Despite these similarities between the simula-
tions with/without land, there is a much stronger domain-mean warming throughout the
troposphere in the Land-NoHomog simulation. This would happen, if the convection in the
simulation with land is on a warmer moist adiabat than the convection in the simulation
without land. This is true in our simulations as the Land-NoHomog has convection forming
over a warmer lifting condensation level than the NoLand-Aggregated experiment. Also
supporting this is in our Land-NoHomog simulation, the boundary layer equivalent poten-
tial temperature 0.) is significantly warmer than in the NoLand-NoHomog simulation. Our
result here agree with Cronin et al. (2015), but not with Leutwyler and Hohenegger (2021),

as would be expected from the soil-moisture analysis above.

It is clear from Figure 3.1 that there is a large-scale circulation being generated and main-
tained over the island in the Land-NoHomog simulation, and that this is likely responsible
for the aggregation of convection throughout our simulation. It has been shown before that
the self-aggregation of convection is generally driven by self-generated radiative circula-
tions. These circulations have often been shown to start as an anomalous patch of dry sky,
which then grows and pushes the convection to cluster together (Muller and Held 2012;
Coppin and Bony 2015; Muller and Bony 2015; Holloway and Woolnough 2016), a mecha-
nism for which longwave radiative feedbacks are generally essential both for triggering and
maintenance. We investigate here whether the convection is aggregated through the same
mechanisms as self-aggregation. We will study this first by discussing the thermodynamics

responsible for triggering the circulation, and then for maintaining the circulation.

Figure 3.4 shows some of the key physical quantities driving the circulation over the first 40
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Figure 3.4. Hovmoller plots of a) Surface zonal winds, b) Precipitation c) Near-surface temperature
anomaly d) Omega at 500 hPa, e) surface enthalpy flux (latent heat flux (LHF) + sensible heat flux
(SHF)) anomaly, f) Bowen ratio (SHF/LHF), g) NetLW anomaly, h) NetSW anomaly, over the first 40
days the Land-NoHomog simulation, taken as a zonal slice through latitude=0°. The black lines
show the coasts of the island. NetLW and NetSW are the column longwave and shortwave radiative
flux convergences respectively. Anomalies are calculated from the horizontal mean.

days of our simulation. Figure 3.4a illustrates the aforementioned circulation,and its extent.
We can see that the surface winds are converging towards the island at every oceanic point,
with approximate speeds of 3 ms~' once aggregation has been reached (roughly 10 days
after simulation start). This circulation is being triggered initially by very strong sensible
heat flux spatial anomalies as indicated by a strongly positive SEF spatial anomaly in Figure
3.4e and a Bowen ratio above one in Figure 3.4f at the start of the simulation. This drives
high near-surface temperature spatial anomalies which cause strongly negative boundary

layer density anomalies, and hence positively buoyant air over the island. The land-sea
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thermal contrast also causes surface winds. The circulation described here is analogous to
the well documented sea-breeze circulation (Miller et al. 2003), which subsequently triggers
convection (Kingsmill 1995; Carbone et al. 2000; Crook 2001). The convection starts at the
edge of the island, and as the surface circulation grows in strength, moves inwards until
the whole island is covered by convecting air (Figure 3.4d). These results highlight that
boundary layer processes are likely important for the initiation of aggregation, supporting
recent results from other studies (e.g. Muller and Bony 2015; Naumann et al. 2017; Yang
2018a,b). In particular, Muller and Bony (2015) showed that the boundary layer advection
of FMSE was vital for the self-aggregation of convection. We will show later in the chapter

that this process is also a key driver of aggregation in these simulations.

The convection over the island triggers a gravity wave propagating at 30 ms~' at 500 hPa,
which acts to eliminate horizontal density gradients in the free-troposphere. This gravity
wave is responsible for propagating the temperature of the warmer moist adiabat that the
convection is on to the rest of the domain, consistent with the weak temperature gradi-
ent approximation (Sobel et al. 2001; Leutwyler and Hohenegger 2021). Evidence of this
wave can be seen in Figure 3.4, especially in Figure 3.4d as a wave of subsiding air mov-
ing outwards away from the island, and in the time scale of the inward-moving convection
over the island in the initial triggering phase (Figure 3.1c). The subsidence associated with
this wave causes a strong drying of the columns far away from the island (Figure 3.1d),
which completes the process of aggregation. Figures 3.4g and h show that in the initial
two day period during which this circulation is being spun-up, the horizontal anomalies in
both column longwave and shortwave radiative fluxes are minimal. Thus, it seems from
Figure 3.4 that the circulation which aggregates the convection is triggered in this simu-
lation with land primarily through surface fluxes, mostly the sensible heat flux. Once the
convection starts to form, the longwave radiative spatial anomalies grow, implying that
longwave feedbacks play an important role in our circulation, but are less important for

the circulation to be triggered initially.
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Figure 3.5. Timeseries of diabatic terms in FMSE variance budget (Eq. 3.1) over first 10 days of the
Land-NoHomog simulation. a) Averaged globally, b) Globally-averaged surface flux contributions, c)
averaged over the island only. ¢) also includes the land-averaged values of h/, on the right-hand
y-axis. Light blue lines show longwave feedback, green lines show shortwave feedback, pink lines
show surface enthalpy feedback, navy blue lines shown latent heat flux (LHF) feedback, teal lines
show sensible heat flux (SHF) feedback, orange line shows h’. Mean values over days 90-180 (when
the simulation is in equilibrium) of each feedback are given in the text on each plot (colour of text
corresponds to feedback line colour).

If we investigate the feedbacks in the first ten days through the FMSE variance budget
method, we can see similar results (Figure 3.5). For all feedbacks, the values are driven
primarily by the value of the feedbacks over land, therefore we also show the feedbacks
averaged over the land tiles only (Figure 3.5c). In the first three days, the surface enthalpy
feedback is the dominant term driving FMSE variance with the sensible heat flux feedback
providing the largest contribution (Figure 3.5b). Slightly misleadingly, both the globally-
averaged and land-averaged term oscillates between positive and negative values. This is
due to the oscillation in the land-averaged h’ term. The sign of the surface enthalpy flux
horizontal anomaly, however, remains positive (Figures 3.4e and f), acting as a source of

FMSE over the island consistently in the first three days of the simulation. Thus, we ar-
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gue that the surface fluxes drive the aggregation of convective over land in the earliest
days of our simulation. After two days, the longwave feedback begins to increase, and it
becomes the dominant positive feedback after three days of simulation The contribution
from the longwave feedback then remains the strongest, positive feedback throughout the
remainder of the simulation. This is in agreement with the analysis above, where we iden-
tified that horizontal anomalies in the column longwave radiative flux convergence over
land are large and positive after the initial triggering of the circulation. Thus, the FMSE
variance budget feedback decomposition analysis supports our conclusion that it is the
surface fluxes which are primarily responsible for triggering the aggregation processes, but
the longwave feedbacks become increasingly important, and remain the strongest positive

feedback in the equilibrium feedback.

After this initial aggregating period, convection remains persistently over the island (Figures
3.1¢,d, 3.4b,and d). A key difference between the way that the land and ocean are modelled,
is that the land surface energy budget is closed, whilst the oceanic surface energy budget
is not. This means that the land surface can change temperature, whilst the ocean tem-
perature is fixed. Thus, once convection has formed, due to shortwave cloud shielding, the
land surface temperature cools (Figure 3.4c - note that this is near surface temperature, but
reflects the behaviour of the surface temperature). Nevertheless, the surface zonal winds
(Figure 3.4a) show that the circulation does not reverse towards the now warmer ocean
anomalies, and convection remains aggregated. To investigate the mechanisms driving this
equilibrium stage of our simulation, we analyse time-averaged, 3D zonal cross-sections of
various physical quantities (Figure 3.6). Figure 3.6a again shows the global circulation that
is keeping the convection aggregated together, i.e. surface convergence towards the island
centre with strong upper tropospheric divergence away from the island. Figure 3.6b shows
the vertical motions associated with convection, and Figures 3.6c and d show the aggre-
gated moisture and cloud water content fields. Importantly, the surface convergence allows

for an advection of high surface FMSE towards the convective cluster (Figure 3.6e), which
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has previously been shown to be an important process driving aggregation (e.g. Muller and

Held 2012; Muller and Bony 2015).

Inspecting the 3D horizontal virtual temperature anomalies in Figure 3.6f reveals that the
near-surface negative temperature anomalies in Figure 3.4c are confined to less than 500 m
above the surface. Above this, there is still a temperature gradient with warmer anomalies
over the island than ocean, and therefore the circulation aggregating the convection is still
being thermally-driven. However, initially this circulation was being driven by the land-sea
thermal contrast caused by the land surface heating up. This poses the question, what is
now driving the thermal anomalies over the island? Figure 3.6h illustrates the strong gradi-
ents in longwave flux convergence anomalies in the lower troposphere, which are positive
over the island and negative away from the island. These gradients drive the temperature
gradient in Figure 3.6f and are responsible for driving the maintenance of the global cir-
culation. This mechanism is the same as is discussed in previous studies (e.g. Wing et al.
2017). Also supporting this, there is a higher 6, anomaly over land than ocean throughout
the troposphere. The shortwave heating anomalies also show a pattern one would expect
- negative anomalies in the lower troposphere representing the effects of cloud shielding
and positive anomalies in the upper troposphere due to absorption by water vapour and
clouds. However, the overall horizontal radiative heating anomaly pattern is driven by the
longwave radiative feedbacks (Figure 3.6j). These results agree with the conclusions from
the FMSE variance budget analysis, which showed that the longwave feedbacks, especially
those over the island, are the strongest mechanisms driving aggregation in the equilib-
rium stages of our simulation (Figure 3.5). Therefore longwave feedbacks are important
for maintaining the island-centred circulation and therefore maintaining the aggregation

of convection over the island.
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Figure 3.6. a) Zonal winds, b) Omega, c) Relative humidity, d) Cloud water content, e) Frozen moist
static energy (FMSE), f) Virtual temperature anomaly, g) Density anomaly, h) Longwave radiative heat-
ing anomaly, i) Shortwave radiative heating anomaly, and j) Total radiative heating anomaly. Plots
are zonal slices taken at latitude=0°, averaged over days 100-720 of the Land-NoHomog simulation.
Island is located between longitudes +40°, as indicated by thick black line. Anomalies are calculated
from the horizontal mean.

3.3.1.1 Vegetation sensitivity test

To test the sensitivity of our results to the vegetation chosen, we have run an additional
experiment where the land initial and boundary conditions are set to grass-like parame-
ters instead of tropical rainforest ones. Typically, rainforests are characterised by greater
evapotranspiration and roughness lengths and a lower albedo than other vegetation types
(Shuttleworth 1989). As shown in the results in above, surface fluxes can have a large im-
pact on convection and precipitation and thus these changes in surface parameters could
also impact our results. In particular, we showed that the high surface fluxes, driven by the
sensible heat flux in the first three days of the simulations triggered convection and thus

determined the location of our aggregation.

For the following results we used the land parameters from the short grass experiment in
Bell et al. (2015), with the JSBACH4 PFT flag 7, and loamy soil (FAO flag 3). A table listing

the parameters for both the rainforest and grass experiment can be found in Table 3.2.

The results found earlier in the chapter mostly hold when the vegetation was changed to
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grass. Figure 3.7 shows the same fields as in Figure 3.4, but for our grass experiment. It
is clear that, after the first two days, the two simulations are extremely similar. Similarly,
we can examine the driving feedbacks derived from the FMSE variance budget for both
experiments to again see very similar results (Figure 3.8). The main differences between
the two experiments lies in the first two days of the 2m temperature, the Bowen ratio,
and thus the relative surface flux contribution from latent and sensible heat. Whist in our
rainforest experiment the land initially became far warmer than the surrounding oceans,
here we see a weaker, though still positive temperature anomaly over land. There is also a
much lower Bowen ratio over land for the grass experiment, although the surface enthalpy
flux anomaly is of a similar magnitude. This implies that, instead of the sensible heat fluxes
initially driving the aggregation, here we see that it is the latent heat fluxes acting as a
FMSE source over land. This is confirmed in the FMSE variance budget plots in Figure 3.8.
Figure 3.8a shows that the surface flux feedbacks are again the main driver of aggregation
in the first day with the longwave feedbacks dominating after that. Equally, Figure 3.8b
confirms that it is the latent heat fluxes driving this surface flux feedback. Figure 3.7h
shows that the NetSW anomaly is greater in the earliest few days than in the rainforest
experiment (Figure 3.4h). This is due to the higher albedo of the grass vegetation which
therefore reflects more of the incoming solar radiation while the island is cloud free at
the start of the simulation. Thus, less shortwave is absorbed at the surface which is why
we see a smaller near surface temperature anomaly and hence surface energy balance is
reached by a lower Bowen ratio. After the first day, convection begins to be triggered over
the island, and the same feedbacks as in the rainforest experiment, namely the longwave

radiative fluxes, begin to dominate once more.

Thus, even with different vegetation driving a different partitioning of the surface fluxes, we
still see convective aggregation preferably forming over the island in our simulations. The
location of this aggregation is driven by surface fluxes, with the surface enthalpy feedback

being the dominant term in the FMSE variance budget in the first 1-2 days of both grass
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Figure 3.7. Hovmoller plots of a) Surface zonal winds, b) Precipitation c) Near-surface temperature
anomaly d) Omega at 500 hPa, e) surface enthalpy flux (latent heat flux (LHF) + sensible heat flux
(SHF)) anomaly, f) Bowen ratio (SHF/LHF), g) NetLW anomaly, h) NetSW anomaly, over the first 40
days the simulation with grass vegetation, taken as a zonal slice through latitude=0°. The black
lines show the coasts of the island. NetLW and NetSW are the column longwave and shortwave
radiative flux convergences respectively. Anomalies are calculated from the horizontal mean.

and rainforest simulations. After this initial period, the longwave feedbacks become the

strongest feedback.
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Figure 3.8. Timeseries of diabatic terms in FMSE variance budget (Eq. 3.1) over first 10 days of
the simulation with grass vegetation. a) Averaged globally, b) Globally-averaged surface flux con-
tributions, c) averaged over the island only. c) also includes the land-averaged values of h/, on the
right-hand y-axis. Light blue lines show longwave feedback, green lines show shortwave feedback,
pink lines show surface enthalpy feedback, navy blue lines shown latent heat flux (LHF) feedback,
teal lines show sensible heat flux (SHF) feedback, orange line shows h’. Mean values over days
90-180 (when the simulation is in equilibrium) of each feedback are given in the text on each plot
(color of text corresponds to feedback line color).

3.3.2 Mechanism denial tests: Does convection aggre-
gate over land in the absence of horizontal ra-

diative flux anomalies?

In order to test our radiative heating hypothesis, we analyse the results from our mecha-
nism denial tests. These tests allow the radiative heating rates to change through time, but
remove the horizontal gradients, thought to be responsible for maintaining the aggrega-
tion of convection. Figure 3.2a shows that homogenising the shortwave heating has had

little impact on the overall degree of aggregation, whereas homogenising the longwave
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heating has decreased the degree of aggregation down to the same degree as the NoLand-
NotAggregated experiment. If we inspect the first 40 days of the simulations more closely
(Figure 3.2b) then we can see that the CRH variance increases similarly in the first 7 days
of each simulation with land, then it is after this that the degree of aggregation drops in
the Land-HomoglLW simulation. This supports the findings in the previous section that the
surface fluxes are driving the spin up of the circulation, with longwave feedbacks taking

over as the dominant feedback after this.

Additionally, in the 3D domain-mean fields of temperature, relative humidity, and cloud
fraction (Figures 3.2c-e), the Land-HomogSW simulation mirrors the Land-NoHomog simu-
lation, and the Land-HomogLW simulation mostly mirrors the NoLand-NotAggregated sim-
ulation. This also implies that the large domain-mean effects in Land-NoHomog discussed

earlier are due to the aggregation process, not due to the inclusion of land itself.

The results from Figure 3.2b suggest that the circulation that is triggered in Figure 3.4
would also be triggered in the absence of longwave feedbacks, but that it is not being main-
tained, as we are seeing less impact of aggregation on the moisture distribution, domain-
mean cloud fraction, and temperature. Indeed, if we study Hovmaoller diagrams of the Land-
HomogLW simulation (Figure 3.9) we can see that this appears to be true. The same circula-
tion spin up can be seen by the land-sea thermal contrast in Figure 3.9¢,and the subsequent
gravity wave induced subsidence in Figure 3.9d, however, without the convection trigger-
ing longwave feedbacks over the island, this circulation is not maintained, and instead the
horizontal motion is now being dominated by wave-like motions across the globe (Figure

3.9a). This wave also travels at roughly 30 ms™"

,as in our original simulation. These waves
travel away from the island, passing through each other at the island’s antipode, creating a
surface circulation which alternates between land-centred and ocean-centred and repeats
periodically approximately every 15-25 days. At the points of strongest surface-level di-

vergence away from the island (for example, around day 20 in Figure 3.9a), the surface
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windspeeds over land increase, creating a warm, dry anomaly over the centre of the island,
above which there is clear-sky (Figure 3.9h). This point dries due to the increased wind-
speeds and the subsidence associated with the diverging circulation, and warms because
of the increased surface shortwave absorption due to the clear-sky above as well as the
increased windspeeds again. This warm anomaly then triggers new convection, resulting in
the same thermally-driven circulation and subsequent gravity wave mechanism discussed.
These results were also tested for simulations which were started from the equilibrium ag-
gregated state shown in Figure 3.1,and then had the longwave heating rates homogenised.

The results for this were the same as in Figure 3.2 and 3.9.

From the precipitation, vertical pressure velocity, and OLR fields (Figures 3.9b, d, and h),
convection is less organised throughout the Land-HomogLW simulation than in our original
Land-NoHomog simulation, due to an increase in oceanic convection. However, over the
island we still see persistent convection, as in the Land-NoHomog simulation, except during
the brief suppression period at the peak of the ocean-centred circulation. Therefore, there
is clearly another mechanism responsible for organising convection over land other than
the longwave radiative fluxes. However, this mechanism is not driving the same level of

moisture variance as in our Land-NoHomog simulation

To further understand why we do not see a partitioning of the moisture field like many other
self-aggregation studies we turn to 3D zonal slices of the equilibrium circulation, in Figure
5.10. The surface zonal winds in Figure 3.9a showed that there was no longer a large-scale,
land-centred circulation being maintained in the Land-HomogLW simulation, however, Fig-
ure 3.10a shows that there is still a large-scale overturning circulation, however it no longer
extends to the surface. We now have land-centred convergence starting at approximately
4 km, with similar upper-tropospheric outflow as in Land-NoHomog. The structure of the
virtual temperature anomaly has also changed - the large positive anomaly in the lower

troposphere in Land-NoHomog has been significantly weakened and the strongest hori-
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Figure 3.9. Hovmoller plots of a) Surface zonal winds, b) Precipitation c) Near-surface temperature
anomaly d) Omega at 500 hPa, e) Surface enthalpy flux (latent heat flux (LHF) + sensible heat flux
(SHF)) anomaly, f) Bowen ratio (SHF/LHF), g) Column relative humidity, h) Outgoing longwave ra-
diation, over the first 180 days of the Land-HomogLW simulation, taken as a zonal slice through
latitude=0°. The black lines show the coasts of the island. Anomalies are calculated from the hori-
zontal mean.

zontal anomaly in Land-HomogLW is now between 7-10 km, likely driven by the shortwave
heating anomaly and convective heating (Figure 3.10i). The driving feedback thus combines
these results: island-based convection will have upper-tropospheric outflow, which must
re-converge due to mass conservation. This convergence is towards the strongest virtual
temperature anomaly, which is elevated in comparison to the Land-NoHomog simulation.
Therefore, gravity-wave dominated, horizontal winds in the boundary layer are somewhat
disconnected from this large-scale overturning circulation, although the gravity wave mo-

tion still impacts the zonal winds at higher altitudes with wave speeds superimposed on



3.3. Results

111

a) Zonal winds

b) Omega

Height [km)

10

If

0.10

0.05

0.00

¢) Relative humidity

1.00

0.75

0.50

d) Cloud fraction

e) FMSE

360

350

340

1.00
0.75
0.50
-0.05 0.25 0.25 330
-10 -0.10 320
0 0.00 0.00
[ms™Y [Pas™t [T kg™
f) Ty g)p h) LW heating anomaly i) SW heating anomaly j) Total rad. heating anomaly
- 3.0 0.0050 1.510 1.510 1.510
Y .
. o Bs - 0.0025 0.757 0.757 0.757
E
=10 | '
P " . 0.0 - 0.0000 0.005 ' 0.005 ' ' 0.005
=
54 = § BE -0.0025 0.748 -0.748 -0.748
o -3.0 r— -0.0050 -1.500 -1.500 -1.500
2100 0 100 K] 2100 0 100 [kg/m?  -100 0 100 [Kday™]  -100 0 100 [Kday™]  -100 0 100 [K day™?)
Longitude Longitude Longitude Longitude Longitude

Figure 3.10. a) Zonal winds, b) Omega, ¢) Relative humidity, d) Cloud water content, ) Frozen moist
static energy (FMSE), f) Virtual temperature anomaly, g) Density anomaly, h) Longwave radiative heat-
ing anomaly, i) Shortwave radiative heating anomaly, and j) Total radiative flux convergence anomaly.
Plots are zonal slices taken at latitude=0°, averaged over days 100-720 of the Land-HomoglLW sim-
ulation. Island is located between longitudes +£40°, as indicated by thick black line. Anomalies are
calculated from the horizontal mean.

the background large-scale circulation. This elevated large-scale circulation also means
that the advected FMSE is of much lower energy, therefore acting as a negative feedback
on aggregation in the Land-HomoglLW simulation. Thus, these results indicate that this
near-surface advection of FMSE is possibly the key for convective aggregation to affect the
energy budget by driving a broadening of the moisture distribution, supporting the results

of Muller and Held (2012) and Muller and Bony (2015).

To conclude, it is difficult to quantify whether the Land-HomogLW simulation is aggregated
or not - it could be labelled as either based on how we choose to define aggregation. Is
convective self-aggregation simply the geometrical organisation of convection, or is it the
geometrical organisation combined with large-scale climatological impacts, such as the
broadening of the moisture field? Nevertheless, we have shown here that by removing the
horizontal gradients in longwave radiative fluxes, convection is less spatially organised with
increased oceanic convection compared with the Land-NoHomog simulation. Also, in the
absence of these longwave feedbacks any spatial organisation which does occur is unable
to drive the large-scale changes to the domain-mean climate which are usually caused by

increased aggregation, due to changes in the height of FMSE advection.
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3.3.3 Sensitivity to island size

In order to test our results’ sensitivity to the island size, we ran an ensemble of simulations
where the island radius was increased from 10° to 80° in 10° increments. The winds, near-
surface temperature, OLR and CRH Hovmoller plots for these experiments are shown in
Figure 3.11. The standard result we’ve seen in this study, that convection will preferentially
form over the island, forced by a large thermally-driven circulation mostly holds at all island
sizes. The extent of the circulation is much smaller in the 10° island simulation, as are the
maximum horizontal windspeeds. This circulation extent grows, reaching across almost
the whole globe in the simulations with island sizes between 20° and 50°. Along with this
the convective cluster also grows to cover the whole island, leading to cool near-surface
temperature anomalies over the island, due to the cloud shielding effect. Interestingly,
above 50° the circulation stops growing in extent, and the convective cluster stops growing
in size. At 60°,70°,and 80° the convective cluster stays mostly the same size as the cluster
in the 50° simulation,and so is no longer covering the whole island. This results in clear sky
patches around the convective cluster, leading to large near-surface temperature anomalies.

There is also a reduction in the horizontal extent of the zonal winds.

We speculate that these results could point to a maximum size of aggregation cluster which
would cover approximately 20% of the globe. Indeed, if we calculate the average fraction
of the globe which is convecting by dividing the area of the domain that has a negative ver-
tical pressure velocity (w) at 500 hPa by the total domain area, we find that approximately
25% of the globe is convecting at all times in all of the simulations once aggregated. This is
in contrast to the NoLand-NotAggregated simulation, in which there is approximately 37%
of the globe which is convecting on average. Thus, the island is not causing an increase in
the amount of convection when aggregated, but simply determining the locations at which
convection preferentially forms. In the largest island simulations, when there is very little

convection outside of the island area, this leads to a maximum cluster size of O(10,000km ),
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approximately the diameter of the 50° island. Matsugishi and Satoh (2022) investigated the
natural length scale of convective aggregation in global models,and at an SST of 305K they
estimated this to be approximately 2000km. Yang (2018b) also found that a typical length
scale of self-aggregation is O(2000km). Our results find a much larger size of convective
cluster, however this is not a 'natural’ length scale, but instead a length scale due to the
forcing presence of the island. Thus, it appears that when an inhomogeneity forces con-
vection to aggregate together, it can lead to an increase in the length scale of aggregation.
Interestingly, the typical scale of the MJO, a phenomenon that has previously been linked
to convective aggregation (Arnold and Randall 2015; Khairoutdinov and Emanuel 2018),
is also O(10,000km), potentially indicating a relationship between our work and large-
scale aggregation in the real-world. Therefore, we recommend further work investigates
aggregation length scales, particularly in models with increasing complexity, as our results
indicate that forcings which are often excluded from more idealised aggregation studies

could have a large impact on the spatial scale of organisation.

3.4 Discussion and Conclusions

Using the ICON GCM, we ran RCE experiments which included a large, continental-sized
island to investigate how the inclusion of land affects the phenomenon of convective ag-
gregation. The island here represents a tropical rainforest-like land mass, with no elevation

and no large-scale imposed winds, surrounded by a constant SST of 305K.

We showed that the inclusion of an idealised island in these global RCE simulations causes
the convection to aggregate persistently over the island. This aggregation takes approx-
imately 5-10 days to form spatially, however, it takes closer to 70 days for the model to
reach statistical equilibrium, and therefore for the maximum degree of aggregation to

be reached. The aggregation in these simulations causes similar domain-mean effects as
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self-aggregation has been shown to have before. This includes a domain-mean warming,
free-tropospheric drying and a reduction in the high cloud amount compared to a non-
aggregated simulation (e.g. Bretherton et al. 2005; Coppin and Bony 2015; Wing and Cronin
2016; Cronin and Wing 2017). One key difference between self-aggregation, and this land-
forced aggregation is the domain-mean temperature profile. As in Cronin et al. (2015), we
find that aggregation over the island causes a large increase in the domain-mean temper-
ature, much greater than the temperature increase seen in an aquaplanet self-aggregated
simulation (Figure 3.2). This is due to a warmer cloud-base temperature in the land simula-
tion, which drives the convection onto a warmer moist adiabat. This warmer moist adiabat
is then propagated to the rest of the domain through convectively-triggered gravity waves.
The similarity of our results to Cronin et al. (2015) occurs because the soil on our island
rapidly becomes saturated, as is typical for tropical rainforests (Nepstad et al. 1994; Schenk
and Jackson 2005), thus locking the simulation into a radiative-limited flux regime, rather
than a soil-moisture limited one. Soil is therefore never able to dry and induce the low-
level circulation reversal as seen in Hohenegger and Stevens (2018). In the more complex
modelling framework of TRACMIP (Voigt et al. 2016), inclusion of an idealised continent
drove a domain-mean cooling across all models. Their simulation design included a zonally-
symmetric,meridional SST gradient, slab ocean,and seasonally varying insolation. The main
driver of this cooling in their experiments was the development of a large cold 'tongue’ to
the west of the continent due to low-level advection from the ‘winter’ portion of the con-
tinent. Whilst originally seasonally driven, this anomaly develops into a persistent annual
feature due to feedbacks between the cold SST, atmospheric humidity, and temperature (Bi-
asutti et al. 2021). Thus, despite significant differences between our study and TRACMIP,
there are some similarities in the ability of the land to drive an initial perturbation, which

can then be maintained through atmospheric feedbacks.

The aggregation seen in these simulations is maintained by a radiatively-driven, thermally-

direct circulation. We showed that the circulation is initially triggered by a strong land-sea
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thermal contrast at the surface, driving a sea-breeze circulation, which has been shown to
have important impacts on convection and precipitation over tropical islands, particularly
in the Maritime Continent (Miller et al. 2003; Leutwyler and Hohenegger 2021). In our
simulations, we found that the sea-breeze circulation triggers convection (Kingsmill 1995;
Carbone et al. 2000; Crook 2001), first at the edge of the island before being triggered in-
creasingly inland. This convection then incites a gravity wave, moving at approximately
30 ms~' outwards from the island. Gravity wave induced subsidence dries the columns
furthest away from the island, and saturated cloud detrainment in the vicinity of the con-
vection moistens locally, which forms large gradients in the CRH (Lane and Reeder 2001).
Once these atmospheric moisture gradients form, radiative feedbacks start to dominate
the maintenance of the circulation through the strong longwave heating within the cloud
layer. These longwave anomalies drive a strong virtual temperature gradient in the lower
troposphere, which then causes the radiatively-driven circulation to persist throughout the

simulation, despite negative near-surface temperature anomalies over the island.

We tested these results through mechanism denial experiments, which confirm the impor-
tance of longwave feedbacks for both the formation and maintenance of aggregation. When
longwave heating rates are horizontally homogenised, aggregation is significantly reduced,
with increased oceanic convection and reduced moisture variance. Surface convergence is
no longer maintained. Instead, shortwave heating and convective heating drives a mid-
tropospheric virtual temperature anomaly which causes a large-scale thermally-driven cir-
culation, although one that is elevated above the boundary layer. In the absence of bound-
ary layer convergence, the advection of FMSE upgradient is reduced, leading to lower FMSE
in the convective cluster. Muller and Bony (2015) found that an upgradient advection of
FMSE was essential for aggregation. Here, we see that convection can still be organised
spatially, but without this upgradient advection, the organisation no longer drives large-

scale climatological changes.
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Thus, we have concluded that surface fluxes are the dominant feedback in initially driv-
ing aggregation in the presence of a land-sea contrast, and therefore also determine the
location of aggregation. However, longwave heating by the convection is necessary for
maintaining a large-scale circulation with convergence in the boundary layer. Through our
experiments, it seems that this boundary layer convergence is extremely important for en-

abling convective aggregation to broaden the moisture distribution.

This study extends current understanding by demonstrating that even when land is included
in an RCE model (with no diurnal cycle) which could therefore change the mechanisms of
aggregation through an increased importance of surface fluxes, longwave feedbacks still
drive necessary feedbacks for convective aggregation to cause domain mean changes to
the moisture distribution and therefore the energy budget. These results are of course sub-
ject to the idealisations made in this study - for example, would the inclusion of a diurnal
cycle allow for a nocturnal reversal of the land-sea breeze, thus disrupting the large-scale,
radiatively-driven circulation? Cronin et al. (2015) found that the diurnal cycle induced
nocturnal surface cooling was insufficient to destabilise the deep overturning circulation,
leading to a time-mean, island-centred circulation, although their study excluded the poten-
tial effects of soil moisture. We postulate that, given that our land-surface remains cooler
throughout our simulations once aggregated, and given the long time scales associated
with soil drying (e.g. Bruno et al. 2006; Teuling et al. 2006), it is likely that in the time-
mean our results would still hold in the presence of a diurnal cycle. However, confirming
this requires further work outside the scope of this experiment, and we recommend this

as an avenue for future study.

The results we have presented in this chapter mostly scale with island size, until islands
have a radius greater than 50° with the large-scale circulation roughly increasing in extent
with island size, and the resulting convective cluster always covering the entire island.

For all experiments, convection covers roughly 25% of the globe, however with increasing
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island size, this convection is increasingly centred on the island. This means, for the largest
island sizes, the convective cluster is no longer able to cover the whole island. This work
thus points to a maximum size of convective cluster in a global domain, something that has
been a recent topic of interest (Arnold and Putman 2018; Yang 2018b; Beucler and Cronin
2019). We highlight that the framework used in this study could provide some interesting
insights to this work concerning the spatial-scale of aggregation to encourage further work
in developing a theoretical understanding of what sets the scale of aggregation in more

complex modelling environments.

We present this chapter as an investigation of the impacts land-sea contrasts have on con-
vective aggregation in a global configuration, and provide it as a useful addition to the
growing literature on connecting idealised aggregation studies to the manifestation of real-
world convective organisation (e.g. Tompkins 2001a; Arnold and Randall 2015; Hohenegger
and Stevens 2016; Holloway 2017; Hohenegger and Stevens 2018; Muller and Romps 2018;
Becker and Wing 2020; Beucler et al. 2020; Bony et al. 2020; Muller and Hohenegger 2020;
Shamekh et al. 2020a). We have shown that, whilst the shape and scale of aggregation
change when a continentally-sized island is included in an idealised RCE world, many of the
features of aggregation remain the same, including its effects on the large-scale environ-
ment and the feedbacks driving the formation and maintenance of aggregation. However,
our results indicate that the surface fluxes cannot be ignored, especially in the initial trig-
gering of organised systems. It can be difficult to draw conclusions on how results shown
in this and other similar studies might be manifested in the real-world, due to the experi-
ment’s highly idealised configuration. To that end, there are many extensions to this chapter
that we feel will help to further elucidate the relationship between idealised aggregation
and it’s real-world manifestations, including investigating the effects of the diurnal cycle,

SST gradients and rotation on the results presented here.
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surface temperature gradients

It is the reason why doing research is challenging as well as attractive. It is like being lost in a
jungle and trying to use all the knowledge that you can gather to come up with some new

tricks, and with some luck, you might find a way out.
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In the previous chapter, we found that the presence of a continentally-sized island in our
GCM forced convection to aggregate over it. This aggregation displayed many similari-
ties to the forced aggregation found in Chapter 2, and these will be discussed in detail
in Chapter 5. For this chapter, we include another real-world’ feature to our original RCE
model: a meridional sea-surface temperature (SST) gradient. Here, we investigate how
self-aggregation feedbacks interact with the feedbacks associated with the SST gradient to
analyse how these aggregation feedbacks may be interacting with circulations and con-

vection in the real-world.

This chapter is based on an article being prepared to be submitted to Journal of the Atmo-
spheric Sciences:

Dingley, B., Hohenegger, C., Dagan, G. and Stier, P. (2023). Physical mechanisms driving the
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zonal clustering of convection along the equator. Journal of the Atmospheric Sciences, in

preparation.

| designed the study together with the co-authors. | carried out the simulations and analyses
presented, with input from the co-authors. | wrote the manuscript, with contributions and

approval from the co-authors.

Abstract

The self-aggregation of convection occurs under idealised, spatially homogeneous bound-
ary conditions, however how it relates to real-world organised convection remains an open
question. Here, we study self-aggregation mechanisms under the increased complexity of
inhomogeneous boundary conditions: meridionally varying sea-surface temperature (SST)
gradients. Convection converges along the equator coincident with the peak SSTs, resem-
bling the ITCZ. Recent work has hypothesised that self-aggregation feedbacks may play a
role in driving a zonal contraction of these equatorial clouds. We show that this zonal clus-
tering is driven by interactions between longwave radiative, clouds, and water vapour, with
contributions from advective and surface flux feedbacks. Direct shortwave feedbacks are
diagnosed as small through the integrated transient frozen moist static energy variance
budget, but the interactions between shortwave radiation and circulations are shown to
be important. These results verify that convective self-aggregation feedbacks could play
an essential role in zonally distributing clouds in the ITCZ, potentially impacting the re-
gional distribution of precipitation and the atmospheric energy budget. Therefore, further
understanding the role of self-aggregation feedbacks on the ITCZ is vital for understanding

the tropical rain belt.
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4.1 Introduction

There is much debate about how the results from idealised aggregation studies relate to
real-world convective organisation. Many studies have taken a step towards reality by
changing boundary conditions of idealised studies, such as at the surface. An inhomoge-
neous surface has been shown to affect the onset and lifetime of aggregated convection
(Tompkins 2001a; Cronin et al. 2015; Hohenegger and Stevens 2016; Muller and Hoheneg-
ger 2020; Shamekh et al. 2020a,b; Leutwyler and Hohenegger 2021; Dingley et al. 2022).
Persistent sea surface temperature (SST) gradients organise convection over the warmer
SSTs due to the locally warmer and moister boundary layer which drives a pressure gradi-
ent and low-level flow (Back and Bretherton 2009; Muller and Hohenegger 2020; Shamekh
et al. 2020a), and a larger 6. driving more convective instability. In a large spherical do-
main, Muller and Hohenegger (2020) found that an equatorial convergence line forms when
forced by a meridional SST gradient, which resembles the inter-tropical convergence zone
(ITCZ). However, this convergence line subsequently contracts zonally, which the authors
attribute to self-aggregation feedbacks in the tropical region. Whilst typically local SST
gradients drive the zonal distribution of convection along the ITCZ, the work of Muller and
Hohenegger (2020) highlights that self-aggregation feedback mechanisms could also play

an important role in defining the zonal extent of the ITCZ.

Another similarity between self-aggregation and the ITCZ is the importance of radiative
cooling. It has been robustly shown that radiative cooling has a large impact on the ITCZ
(e.g. Byrne and Schneider 2016; Harrop and Hartmann 2016; Albern et al. 2018; Dixit et al.
2018; Talib et al.2018; Voigt et al. 2021). Harrop and Hartmann (2016) examined the role of
cloud radiative effects on the ITCZ, finding that the cloud radiative effect robustly contracts
the ITCZ meridionally and reduces the double ITCZ problem. This has subsequently been

attributed to lower tropospheric heating due to upper tropospheric clouds (Dixit et al. 2018).
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This heating drives a net import of FMSE, a similar feedback mechanism to the one identified
in self-aggregation studies. Increased zonal clustering of convection along the equator has
also been linked to a widening of the tropical rain belt, highlighting that changes in zonal
distributions of rainfall can also impact the meridional rainfall pattern (Popp and Bony
2019). However, the mechanisms driving the zonal clustering of the ITCZ in the absence of
zonal SST gradients remain understudied. In this chapter we thoroughly investigate the role
of convective self-aggregation in zonal clustering at the equator and decompose the key

feedbacks driving this using a variation on the FMSE variance budget (see Section 4.2.2.)

4.2 Methods

4.2.1 Model description

In this chapter, We use the a similar configuration of ICON, with the same grid and parame-
terisations as in previous chapter. However, here we add a meridional SST gradient. As we
are interested in zonal clustering along the highest SSTs, most analysis presented here is
performed for the equatorial slice, averaged over +10° latitude. The initial temperature and
humidity profiles are taken from a non-aggregated RCE simulation. In order to break sym-
metry, we add random noise in the lowest four model levels. This simulation design closely
resembles the one designed for the RCE model intercomparison project (RCEMIP; Wing et al.
2018), although with the added SST gradient, and allows for analysis from day O of the sim-
ulation as the model begins from a state close to equilibrium. For this initialisation simula-

tion, aggregation is prevented by horizontally homogenising the longwave radiative fluxes.

To investigate the effects of spatially varying SSTs, we perform experiments using the zon-
ally uniform "QOBS” distribution (Neale and Hoskins 2000) with 5K added to the SST ev-

erywhere. This profile has a maximum SST along the equator of 305K, and a minimum
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SST of 278.15K poleward of 60°. The additional 5K allows for the equatorial SST to be
305K, a temperature where the ICON GCM has been shown to strongly aggregate (Wing
et al. 2020; Dingley et al. 2021).

4.2.2 Feedback decomposition

In order to investigate the relevent aggregation feedbacks in our simulations, we use a
variation on the frozen moist static energy budget (FMSE) method, following Wing and

Emanuel (2014) and Beucler et al. (2019). For this method, the FMSE (h) is defined as,
h=gz+ C, T+ Lqy, — Liqice 4.1)

where gz is the geopotential () kg~'), C, is the specific heat capacity of dry air (| K" kg™"),
T is the temperature (K), L,is the latent heat of vaporisation () kg~'), g, is the water vapour
mixing ratio (kg kg™'), L is the latent heat of fusion () kg~'), and g is the ice mixing
ratio (kg kg='). We also define h as the density-weighted integral of h over the tropo-
sphere. Then, following Bretherton et al. (2005) and Wing and Emanuel (2014), the FMSE

variance budget can be written as:

10h"?
2 ot

= h'/NetLW’ + h/NetSW’ + h/SEF’ — h’Adv’ (4.2)

Where SEF stands for surface enthalpy fluxes, which is the sum of the surface latent heat
and sensible heat fluxes, NetSW and NetLW are the column shortwave and longwave ra-
diative flux convergences respectively,and Adv is the horizontal advection of h (defined as
Vi -uh, the horizontal divergence of the density weighted vertical integral of FMSE flux). In
Eqg. 4.2, primes represent the horizontal anomaly from the global mean. This methodology
allows us to compare how anomalies in the three diabatic sources/sinks of FMSE, along

with horizontal divergence anomalies correlate with anomalies in ﬁ, and in turn, whether
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these are driving an increase/decrease in FMSE variance and thus an increase/decrease

in aggregation.

The meridional SST gradient forces a large-scale circulation with convergence towards and
ascent over the warmest SSTs, which converges moisture at the equator. Due to this, there is
persistently high h at the lowest latitudes, even within the equatorial dry patches, compared
to the highest latitudes. In order to analyse zonal variation and zonal sources/sinks of FMSE
driving zonal clustering along the equator it is therefore useful to separate the h into it’s
time mean value (ﬁ), and the local anomaly from the time mean (HT) (Beucler et al. 2019).

We will also refer to ‘FLT as the transient FMSE. Therefore, we can define

~ ~ ~

h(x,y,t) = h(x,y) + hT(Xayat)- (43)
Indeed this can be done for any variable:
a(x,y,t) = a(x)y) + aT(X)y>t)) (44)

and using this, Beucler et al. (2019) (Eq. 5 in their paper) derived the transient FMSE budget
as

dhy

el NetLWyt 4+ NetSWr + SEFy — Advr. (4.5)

Then, in the same vein as the FMSE variance budget derivation from Wing and Emanuel
(2014), we can subtract the horizontal mean of Eq. 4.5 from the full form of the equation to
obtain a time rate of change of the anomaly of hr. Multiplying this by ﬁ{ gives us a budget
for the spatial variance of transient vertically integrated frozen moist static energy:

19h/

5 = h!NetLW; + hiNetSW; + h/SEF; — hiAdvy. (4.6)

Finally, terms are normalised by the horizontal mean ﬁ?,to give terms in units of day~'. This

budget can be interpreted similarly to the FMSE variance budget from Wing and Emanuel



4.3. Physical mechanisms of zonal clustering 127

(2014): a positive feedback is increasing the variance in the transient FMSE variance. There-
fore,when analysed zonally across the lowest latitudes,as done in this study, a positive feed-
back will drive an increase in zonal aggregation. Hereafter, we will refer to the ﬁ%NetLW{
term as the longwave feedback, h/NetSW/ term as the shortwave feedback, h/SEF} as the
surface flux feedback, and ﬁ%Adv} as the advective feedback. The feedbacks may also be
referred to as the transient longwave feedback (for example), though the term transient

will be used interchangeably.

The second feedback decomposition method we use is a mechanism denial method in or-
der to investigate the role horizontal gradients in radiative fluxes play in the organisation
of convection. For this, we perform experiments where the longwave and shortwave ra-
diative fluxes are set with zonally-averaged values. These values are calculated as the
longwave/shortwave radiative flux averaged zonally and temporally over the final year of
the simulation with fully interactive radiation. Please also note that due to a bug in the
ICON model, longwave radiative fluxes are only replaced for two out of every three time

steps. However, this level of homogenisation is sufficient for our conclusions.

Henceforth, we will describe the three simulations performed for this study as NoHomog
(simulation with fully interactive radiation), HomogSW (simulation with homogenised short-

wave cooling), and HomogLW (simulation with homogenised longwave cooling).

4.3 Physical mechanisms of zonal clustering

4.3.1 Similarities to self-aggregation

We will begin by analysing the results from the NoHomog simulation. As is expected, con-

vection forms preferentially along the equatorial zone of our simulations (Figure 4.1a), al-
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though there is evidence of zonal clustering due to the patch of the equator which has
higher OLR, and thus reduced high cloud. When we study the evolution of the equato-
rial outgoing longwave radiation (OLR), precipitation, and column relative humidity (CRH)
through time, we can see that this zonal clustering is a persistent feature through time
in the NoHomog simulation (Figures 4.1a-d), supporting the results found in Muller and

Hohenegger (2020).

This clustering is mostly present as a large, persistent dry patch, marked by swaths of in-
creased OLR and decreased humidity and precipitation, persisting for hundreds of days at
a time. Different from typical self-aggregation, most of the equator remains covered by
convection with a smaller fraction dominated by a drier atmosphere. In more idealised,
self-aggregation studies we typically see one large convective cluster covering 20-30% of
the domain surrounded by extremely dry air. Therefore, in this study we will generally talk
of the dry patches as indicators of aggregation, as opposed to clusters of convection, and

as such we define a metric which can help us to define a dry patch.

For this definition, we will make use of transient variables, as defined in Equation 4.4. Agrid
cell is categorised as being within a dry patch when its transient precipitation is negative.
This definition sufficiently identifies the dry patches in this simulation as they are not sta-
tionary in time, and thus a dry patch is marked by lower than average rainfall. To ensure we
only detect sufficiently large, persistent dry patches and not stochastic drying of grid cells
that quickly re-moisten, we apply two extra criterion for dry patches: that they persist for at
least 30 successive days and their spatial extent covers at least 4° longitude. These values
are chosen based on our model temporal and spatial output. 30 days in succession is three
consecutive output time steps, and similarly 4° longitude is also three model equatorial
grid-cells. We tested similar metrics with positive transient OLR, or negative transient CRH
and both gave qualitatively similar results. Varying the choice of parameters for this metric,

such as ensuring dry patches persist for 40 days, or only cover 2° longitude also gave us
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Figure 4.1. Top row: snapshots of outgoing longwave radiation (OLR) after 600 days of simulations.
All other rows: Hovmoller plots over four years of a zonally-homogeneous aquaplanet simulation
with a meridional sea-surface temperature gradient. Second row: OLR; third row: precipitation;
fourth row: column relative humidity. Hovmoller plots are taken as an equatorial zonal slice aver-
aged over latitude=+10°. Left column (a-d) are for the NoHomog simulation with interactive radiative
fluxes; middle column (e-h) are for the HomogSW simulation where shortwave cooling is horizon-
tally homogenised; right column (i-l) are for the HomoglLW simulation where longwave cooling is
horizontally homogenised. Second, third, and fourth rows show model output averaged every 10
days
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Figure 4.2. Outgoing longwave radiation Hovmoller plots of a zonally-homogeneous aquaplanet
simulation with a meridional sea-surface temperature gradient for the NoHomog simulation with
interactive radiative fluxes. Red lines in figure b) outline dry patches, which are defined as areas with
negative transient precipitation, which persists for 30 days successively and has a spatial extent of
4° longitude.

qualitatively similar results. The OLR field with dry patches outlined is shown in Figure 4.2.
We can see that the metric performs well at capturing the dry patches where there is reduced

deep convection as the red lines in Figure 4.2b enclose the large swaths of increased OLR.

To understand the feedbacks driving the development and persistence of these dry patches,
we will now inspect the feedbacks derived from the transient FMSE budget analysis (Figure

4.3).

4.3.1.1 Longwave feedbacks

The longwave feedbacks are positive across the equatorial region, and strongest within
the dry patches (Figures 4.3a-c). This is consistent with identified feedbacks in previous
self-aggregation studies, and can be attributed to the reduction of clouds and moisture
within these dry patches. There is a negative anomaly in the transient column convergence
of longwave radiation in the dry patches which is present in both the clear- and cloudy-
sky fields, although the cloudy-sky anomaly is larger in magnitude (not shown). These dry
patches have a reduction in the longwave absorption driven by a decrease in deep cloud

amount, so providing a sink of FMSE and driving the magnitude of the clear-sky feedback.
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Figure 4.3. Correlations between vertically integrated transient FMSE anomalies and a)-c) transient
column longwave convergence anomalies (the longwave feedback), d)-f) transient column shortwave
anomalies (the shortwave feedback), g)-i) transient surface enthalpy flux anomalies (the surface
flux feedback), j)-l) transient horizontal convergence of FMSE anomalies (the advective feedback),
as calculated from Eq. 4.6. Top row shows a global snapshot at day 600 of simulations. Second
and third rows show Hovmoller diagrams for an equatorial zonal slice averaged over latitude=+10°.
Second row is plotted as time against longitude, third row is sorted into moisture space with time
plotted against the column’s rank of column relative humidity. All plots for the NoHomog simulation
with interactive radiative fluxes.
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The clear-sky feedback also contributes to this clustering process in the driest columns
through a reduction in the longwave absorption by water vapour. Although weaker in mag-
nitude, the equivalent effects are also working outside of the dry patches, where there is
increased moisture and deep cloud. The shortwave feedback is also positive across the
equator, although it is extremely weak and therefore the direct diabatic feedback driven by

water vapour shortwave absorption has minimal effect on the zonal aggregation.

We can also use the sensitivity tests where the zonal longwave and shortwave feedbacks are
switched off in turn and investigate any subsequent zonal clustering that forms. Following
the conclusions from the FMSE budget analysis above, we expect a decrease in the zonal
clustering without longwave feedbacks (HomogLW), and minimal changes in the organisa-
tion in the absence of shortwave feedbacks (HomogSW). The results of these experiments

are shown in the second and third columns of Figure 4.1.

We can see that, in Figures 4.1e-h for the HomogLW simulations, all zonal clustering has
disappeared, and the OLR, the precipitation, and the CRH are mostly homogeneous across
the equatorial region. Additionally, in Figure 4.4 some key aggregation features are investi-
gated. With increased aggregation, one would expect to see broadened OLR, humidity and
precipitation distributions. A metric which can capture some of these features of aggrega-
tion is the variance of CRH (o%g,; Wing and Cronin 2016). We can see that when longwave
cooling is homogenised, there are narrower OLR, CRH, and precipitation distributions along
with a significantly significant decrease in 0%y, (as tested with a t-test at 99% confidence),

all consistent with a decrease in the zonal aggregation.

4.3.1.2 Shortwave feedbacks

Figures 4.3 d-f show that the shortwave feedbacks are very small throughout the simulation.

Thus we would expect that removing the zonal gradients in shortwave fluxes would have
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Figure 4.4. Top row: Probability density histograms for a) outgoing longwave radiation, b) column
relative humidity, c) precipitation, where green represents the NoHomog simulation with interactive
radiative fluxes; blue represents the HomogSW simulation where shortwave cooling is horizontally
homogenised; grey represents the HomogLW simulation where longwave cooling is horizontally
homogenised. d): timeseries of variance of column relative humidity (O'ZCRH) for the same three
simulations. Dot at day 1500 shows the average of O'ZCRH over years 1-3 (days 360-1440). All plots
are calculated for the mean of the equatorial slice between latitude=+10° of each simulation.

a minimal impact. However, the results from the HomogSW simulation in Figures 4.1 i-l
show a very different manifestation of aggregation compared to the NoHomog simulation
in Figures 4.1 a-d. There is still clustering, but it is on a smaller length and timescale than
the clustering in the NoHomog simulation. Thus, despite the small shortwave feedback
that the transient FMSE variance budget diagnoses, it appears that the total impact of the

shortwave feedbacks is much greater.

Additionally, when comparing the histograms of these fields in Figure 4.4, we can see that
the distributions of OLR, precipitation, and CRH are all similar to the NoHomog simulation,
with a slight broadening of the CRH distribution in HomogSW. In agreement with this, the
ol is, Oon average, greater for HomogSW than NoHomog. This increase in o2y, is also

statistically significant. Inspecting oy, along its timeseries shows that there is large tem-
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poral variability in 0%y, for HomogSW, with the largest values aligning with the times when
there are the largest dry patches. This indicates that dry patches are able to become more
dry in the HomogSW simulation. Thus, in the absence of shortwave feedbacks, aggregation

is able to become more intense (with stronger moisture variability) but is shorter lived.

Some possible reasons for these results differing from the FMSE variance budget results
above are that the FMSE budget is calculated from vertically integrated fields, and thus
can fail to capture variations within the atmospheric column (Yao et al. 2022). Also, indirect
feedbacks between shortwave anomalies and circulations are encapsulated in the advective
term of the FMSE transient variance budget, instead of the shortwave feedback term. Thus,
the key role of shortwave radiation could also be an indirect effect of shortwave radiative

anomalies impacting on the circulations.

Nevertheless, this analysis highlights two important feedbacks. The first is that shortwave
feedbacks can constrain the drying caused by zonal clustering. The second is that short-
wave feedbacks lengthen the lifetime of dry patches which form. A possible mechanism

which links these two effects:

1. Adrier dry patch has reduced CRH locally

2. Lower near surface humidity enables larger differences in near surface water vapour

and surface saturation water vapour (hereafter Aq) to form,
3. This will locally increase surface fluxes,

4. The Air-Sea Enthalpy Disequilibrium (ASED) term of the surface flux feedback decom-
position will begin to dominate, which acts to remove these enthalpy gradients and

re-moisten the dry patches.

The feedback loop above shows that, if shortwave feedbacks prevent more extreme drying

during aggregation, this would allow convective clusters to persist for longer.
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Another interesting feature we can pick out from Figures 4.4a-c is that, despite the dif-
ferences in time and length scale of the self-aggregation in NoHomog and HomogSW, the
aggregation drives similar changes in the equatorial-mean effects of aggregation. For ex-
ample, the NoHomog and HomogSW simulations show a similar amount of broadening of
the OLR distribution when compared to the HomogLW simulation (Figure 4.4a), despite the
manifestations of aggregation looking very different between NoHomog and HomogSW.
This implies that the length scale of aggregation does not linearly scale with the large-

scale effects of aggregation.

4.3.1.3 Surface flux feedbacks

The surface enthalpy fluxes in Eq. 4.2 are primarily driven by variations in windspeed and
the thermodynamic disequilibrium between the sea surface and the near-surface atmo-
sphere. Wing and Emanuel (2014) partition the surface enthalpy term of Eq. 4.2 into three
terms: the wind driven term representing the WISHE feedback, the thermodynamic dise-
quilibrium term representing the ASED feedback, and an eddy term representing surface
flux variations due to the product of the previous two terms. They found that the surface
flux feedbacks are mostly driven by the first two terms and so we will focus on those here.
The ASED is driven by differences in the temperature at the surface and the lowest model
level (hereafter referred to as AT), and Aq. Additionally, Wing and Emanuel (2014) show
that the WISHE feedback acts as a positive feedback on self-aggregation as it increases sur-
face fluxes close to existing convection and thus the high FMSE regions, whilst the ASED
acts as negative feedback with reduced surface fluxes in the convective regions. In Figures
4.3g-i we can see that the surface flux feedbacks are typically positive in the dry patches
and mostly negative outside these regions with some positive contributions in the moistest
columns. To further understand this, it is useful to examine the key variables which drive

the surface flux feedback decomposition terms from Wing and Emanuel (2014), namely
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Figure 4.5. Meridional slices of variables composited on the condition of whether a slice passes
through a dry patch at the equator (Dry) or not (Wet). Averaged over all meridional slices in time
and longitude. Top row shows transient feedbacks of a) longwave, d) shortwave, g) surface flux,
j) advective terms as calculated from the transient FMSE variance budget (Eq. 4.6). Second row
shows terms which have been combined to calculate the transient feedbacks: b) transient NetLW,

e) transient NetSW, h) transient surface enthalpy fluxes, k) transient integrated FMSE (h). Third row
shows c) transient CRH, f) transient surface windspeeds, i) transient AT, |) transient Aq. AT is the
difference in the temperature at the surface and the lowest model level. Aq is the difference in
surface saturation water vapour and near surface water vapour.

surface windspeeds, AT, and Aq.

To allow us to investigate how different fields change when a dry patch is present or not,
we can composite meridional slices on the condition that they do or do not pass through a
dry patch at the equator. This has been done for the fields presented in Figure 4.5, for the
feedbacks in the transient FMSE budget terms and their individual components (Figures
4.5a-b, d-e, g-h, and j-k), CRH (Figure 4.5c), and the three terms above (Figure 4.5f, i, and L).
We can see that, in the tropical region between +10° latitude, it is variations in the surface

windspeeds which are defining the positive sign of the surface enthalpy feedback. The
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windspeeds within the dry patches are reduced due to a reduction in the overall large-scale
meridional circulation. This is because, when a dry patch forms at around 0° it generates an
opposing circulation to the large-scale circulation which diverges in all directions, including
north and south. Therefore, this growth opposes the background circulation and reduces
the windspeeds in the equatorial region, and hence reduces surface fluxes. This acts as a
positive feedback on aggregation as it lowers the surface flux source of FMSE in the lower
FMSE regions. This feedback ‘overpowers’ the negative ASED feedback, which is opposing

aggregation in the lowest latitudes (Figure 4.5i and ).

4.3.1.4 Vertically-resolved analysis

As alluded to in previous sections, one drawback of the FMSE variance budget analysis is
that it uses vertically integrated values. Whilst the method has allowed us to deduce some
important results, it is still useful to investigate aggregation using the full vertical fields.
In particular, this section will explore the vertical profile of the radiative heating rates to
further investigate why our FMSE budget analysis suggested a weak role for the shortwave
feedbacks, whereas the mechanism denials tests found a much larger impact of them. Addi-

tionally, a brief investigation of changes in the zonal advection of FMSE will be presented.

In Figure 4.6 we can see vertical slices of our NoHomog simulation. These are time-
averaged over the periods of the simulation with the greatest proportion of dry patches
and thus when the simulation is most strongly aggregated. Figure 4.6a) shows that when
the simulation is more aggregated, there is more longwave cooling in the drier columns
of the domain throughout the mid to low troposphere. This is consistent with the reduced
humidity and cloud shown in Figures 4.6e and f, and is typical of a more aggregated do-
main. Inspecting the transient shortwave radiative heating (Figure 4.6b shows that when
there is a more aggregated domain, there is increased shortwave heating in the mid to low

troposphere in the dry columns. This is due to the reduced deep cloud in these regions,
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Figure 4.6. Vertical slices of 3D zonal fields, moisture sorted by column relative humidity values from
dry to moist on x-axis. a) Transient longwave radiative heating rate, b) Transient longwave radiative
heating rate, c) Transient total radiative heating rate, d) transient frozen moist static energy (FMSE)
zonal advection (—UVh), e) Transient relative humidity, f) Transient cloud water content. All plots
are averages over +£10° latitude equatorial slice and are a time average over the times when dry
patches cover over 30% of the equator.

allowing more shortwave radiation to penetrate into the lower layers of the atmosphere.
In the upper troposphere, we can see there is less shortwave heating in the dry columns.
This is due to the reduced upper tropospheric humidity. When we performed the FMSE
budget analysis, the transient shortwave feedback was positive everywhere. Therefore, the
integrated NetSW term is negative in the dry regions, implying that the sign of the NetSW
term is dominated by this upper tropospheric signal. These vertical slices provide some
extra context, showing that the sign of the transient shortwave radiative heating will op-
pose the sign of the transient FMSE in the middle and lower troposphere. Thus, the reason
our HomogSW simulation showed such different results to those we expected from the
FMSE budget analysis could be due to different feedbacks dominating at different heights
of the atmosphere. This shows the importance of using multiple feedback decomposition

methods when performing aggregation mechanism analysis.

Investigating vertical slices also allows us to briefly examine the role of FMSE advection
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Figure 4.7. Height-latitude plot of the transient relative humidity. Plot is averaged over all times
and longitudes at which meridional slices pass through an equatorial dry patch.

in this simulation. Figure 4.6d shows the transient advection of FMSE by zonal winds (i.e.
—UWVh) during the more aggregated periods of the simulation. It is clear that the advection
is negative throughout the boundary layer, implying there is increased upgradient horizon-
tal transport of FMSE in the lowest levels of the atmosphere. Matching this, there is also an
increased downgradient transfer of FMSE in the highest levels of the troposphere. These
results support the findings of previous aggregation studies (e.g. Muller and Held 2012;
Muller and Bony 2015). However, more work is required to determine if this feedback plays
a role in triggering aggregation, or whether it is simply amplifying the aggregation which

is triggered by diabatic feedbacks.

4.3.1.5 Meridional moisture export

When Muller and Hohenegger (2020) investigated the zonal aggregation of convection
along a zonally-symmetric, meridional SST gradient, they found that the convective clus-
ter exported moisture meridionally in the mid-troposphere. The authors highlighted some
similarities between this moisture export and the phenomenon of atmospheric rivers (e.g.
Newell et al. 1992; Zhu and Newell 1998; Ralph et al. 2011). In our work, we also see a

mid-tropospheric moisture export. This is evidenced in Figure 4.5c. In the meridional com-
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posites of CRH, we can see there is a moister sub-tropics surrounding the dry patches. The
vertical profile of the relative humidity shows that is positive moisture signal is present in
the mid-troposphere (Figure 4.7), thus our work partially supports the findings from Muller
and Hohenegger (2020). The key difference between the two studies is which part of the
domain the moisture export is happening from - in these simulations the export is from
the dry patches, whereas in Muller and Hohenegger (2020) the export is from the con-

vective cluster itself.

4.4 Discussion and Conclusions

In many convective self-aggregation studies, idealised models with homogeneous boundary
conditions are used (e.g. Muller and Held 2012; Wing and Emanuel 2014; Muller and Bony
2015; Holloway and Woolnough 2016). This provides a useful simplification of the tropical
climate in order to study the interactions of deep convection and circulations. However,
the idealised nature of these models makes it difficult to interpret how the results would
be applied in the real-world. Here, we have increased the complexity of an idealised RCE
model to include a zonally-symmetric, meridional SST gradient and analysed the physical

mechanisms driving the zonal aggregation of convection over the equatorial region.

We used both the transient FMSE variance budget, based on work from Beucler et al. (2019)
and mechanism denial tests to find that self-aggregation feedbacks between longwave radi-
ation, water vapour, and clouds are necessary for triggering aggregation to form, as in more
idealised self-aggregation studies (e.g. Muller and Held 2012; Wing and Emanuel 2014,
Becker et al. 2017; Yang 2018a). These feedbacks are driven primarily by the reduction in
longwave cloudy-sky absorption within the dry patches. We also found that increased ag-
gregation is accompanied by an increased zonal advection of FMSE, in line with previous

self-aggregation studies (e.g. Muller and Held 2012; Muller and Bony 2015).
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The role of shortwave feedbacks is slightly more complex. Direct shortwave feedbacks
as calculated by transient FSME budget are small, but through mechanism denial tests
we showed that removal of the zonal gradients in shortwave fluxes shortened both the
time and length scales of aggregation formed. Therefore, as hypothesised by Holloway and
Woolnough (2016), we suggest that shortwave feedbacks have a strong indirect effect on
self-aggregation, especially in the presence of an SST gradient, which is supported by the
vertical profile of the shortwave flux. In particular, our results suggest that the shortwave
feedbacks are necessary for maintaining larger-scale dry patches. A full understanding of
this feedback is important,and we recommend this is prioritised in future studies. Addition-
ally, we showed that, despite the differences in time and length scale of the aggregation in
the HomogSW simulation, the equatorial-mean effects of aggregation, such as a broadened
humidity distribution are similar between NoHomog and HomogSW when compared to the
not-aggregation HomogLW simulation. This implies that the length scale of aggregation

does not linearly scale with the large-scale effects of aggregation.

The work we have presented here highlights an important role for interactions between
radiation, moisture, and surface fluxes in driving the zonal clustering of convection along
the equator. The similarity of our results to previous self-aggregation feedback analysis
(e.g. Wing and Emanuel 2014; Coppin and Bony 2015; Muller and Bony 2015; Holloway and
Woolnough 2016; Becker et al. 2017; Yang 2018a) suggest that the observed zonal clus-
tering of convection along the equator could be impacted by convective self-aggregation.
Whilst the primary driver of convective convergence in the tropics is typically variations
in surface temperature (Back and Bretherton 2009), the results shown here imply that the

potential role of self-aggregation feedbacks should not be ignored.

Clarifying the mechanisms controlling the spatial and temporal extent of clustering is im-
portant for improving our understanding of self-aggregation. The work presented here

points towards contributions from shortwave radiation and surface fluxes being controlling
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factors for this. Importantly, using only one feedback decomposition method would have
led us to misdiagnosing the relative importance of the shortwave feedback. We therefore
recommend future mechanism testing in aggregation studies use multiple methodologies

in their work to prevent potentially spurious conclusions.

With aggregation having impacts on both the intensity and spatial distribution of precipita-
tion, further analysis of these processes could provide key understanding of the mechanisms
involved in determining the scale and lifetime of convective clustering in the real atmo-
sphere, particularly within the ITCZ. As this is a highly idealised study, it can be difficult to
fully quantify how the feedbacks identified above would interact in more complex atmo-
spheres. In particular, how do these feedbacks interact with rotation and land? Answering
such questions provide an interesting and important extension of our work, especially due to

the drastic effects changes in regional precipitation have for people living within the ITCZ.









5 Discussion and Conclusions

One never notices what has been done; one can only see what remains to be done.

MaRIE CURIE

Convective self-aggregation is a manifestation of convective organisation, which can occur
in highly idealised models. In the past decade, significant progress has been made to un-
derstand how it forms, how it is maintained, and how it affects the environment of its model
domain. Whilst there are remaining questions within these topics, one overarching query
that is not yet well understood is how highly idealised self-aggregation relates to real-world
convective organisation. In this thesis, my goal was to investigate how previously identified
self-aggregation mechanisms and feedbacks interact with organisation which is forced by
more realistic forcings. | approached this problem by adding different real-world features’
into idealised radiative-convective equilibrium (RCE) models, from which they are typically
absent. In this chapter, | will first summarise the work presented in this thesis, before giving

some general concluding remarks and identifying recommended avenues for future work.
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5.1 Summary of thesis

The main question | sought to answer in Chapter 2 was "Can [ force convection to aggregate
by using atmospheric diabatic heating perturbations, and how does this affect the mechanisms of
aggregation?”. For this, | forced a thermally-direct circulation by adding a plume of strongly
absorbing aerosol into the ICON general circulation model (GCM). The simulation was run
in an RCE configuration, with no rotation, no land, no diurnal cycle, and with homogeneous
and constant sea-surface temperatures (SSTs). This set-up was designed to be as close to
other self-aggregation studies in order to make the comparison of results easier. Whilst the
concept of forced aggregation by a thermally-direct circulation had been previously defined
by Shamekh et al. (2020a), their work differed from mine in two key ways: their work gener-
ated the circulation through SST anomalies, and their work was done in a cloud-resolving
model (CRM). | instead, utilised the results of Dagan et al. (2019), who showed that using an
absorbing aerosol plume generated a thermally-direct circulation, to investigate how an at-
mospheric diabatic heating perturbation in an otherwise homogeneous environment would
affect the convective aggregation. In particular, | was interested in how the forced aggre-
gation interacted with self-aggregation and any differences in the mechanisms behind the
organisation. Also, | used two different SSTs, as Coppin and Bony (2015) found differing
contributions from self-aggregation feedbacks at different SSTs in a GCM. | found that, at
an SST of 305K with no plume, convection strongly self-aggregates, whilst at 290K there is
minimal aggregation. This is expected as results from RCEMIP showed that self-aggregation

in GCMs often shows a strong dependence on SST (Becker and Wing 2020).

When the aerosol plume was included in the simulations, | showed that the thermally-
direct circulation forced convection to aggregate around the plume. In addition to the
convective cluster around the plume, there were radial branches of convection connected to

the central cluster, forming a star-shaped cluster of convection. This spatial pattern occurs



5.1. Summary of thesis 147

due to the superposition of two circulations: the radial thermally-direct circulation driven
by the aerosol plume, and local tangential circulations which locally organise each radial
branch of convection. The 'star-shaped’ convective cluster forms at two different SSTs, 290K
and 305K, however at 290K, the plume drives a large increase in the degree of aggregation,
whilst at 305K there is no change. Therefore, the inclusion of the heating perturbation can
increase the degree of aggregation, but only for a non- or weakly-aggregated simulation.
For a simulation which strongly aggregates without the forcing, the plume changes the

geometry of the clustering but does not drive a change in the amount of aggregation.

When investigating the important feedbacks driving the aggregation at both SSTs, with
and without the cluster there were some similarities to previous self-aggregation studies
and some key differences. Longwave feedbacks are typically found to be essential for self-
aggregation (e.g. Muller and Held 2012; Wing and Emanuel 2014; Holloway and Woolnough
2016; Pope et al. 2021), a result which | found to hold true for the simulations at 305K.
The frozen moist static energy (FMSE) variance budget identified that longwave feedbacks
drive the largest growth rate in the FMSE variance, and mechanism denial tests showed
that aggregation is prevented without interactive longwave radiative fluxes. However, at
the lower SST of 290K with the plume, | found different contributions from the different
feedbacks. Whilst the longwave feedbacks are still the largest term in the FMSE variance
budget decomposition, the relative contributions from the shortwave and surface enthalpy
feedbacks are greater than in other simulations. In agreement with this, when the longwave

radiative fluxes are horizontally homogenised, the plume can still force some aggregation.

There are many drivers of thermally-driven circulations in the tropics, from SST anomalies
(e.g. Shamekh et al. 2020a; Silvers and Robinson 2021),and absorbing aerosol plumes (e.g.
Dagan et al.2019; Williams et al. 2022), to land-sea breezes driven by differential heating of
land and ocean during daytime (Stull 2006). | have shown that absorbing aerosols could im-

pact the aggregation of convection,and previous studies have found similar results for other
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thermally-forced circulations (e.g. Tompkins 2001c; Coppin and Bellon 2019a; Shamekh et
al. 2020a; Leutwyler and Hohenegger 2021). My results suggest that even when aggrega-
tion is forced to occur, there are still large contributions from self-aggregation feedbacks
such that sometimes the forcing cannot aggregate convection together on its own. This
significant result supports work in existing literature that have found important contribu-
tions to phenomena like the ITCZ (e.g. Voigt et al. 2014; Talib et al. 2018; Lau et al. 2020)
and tropical cyclones (e.g. Ruppert et al. 2020; Yang et al. 2022) from feedbacks similar to
those discussed in this thesis. However, if self-aggregation mechanisms are contributing
to forced aggregation, this would make disentangling self-aggregation processes in obser-
vations more difficult than currently thought. On the other hand, trying to observe self-
aggregation has been difficult as synoptic variability likely disrupts potential convectively-
generated circulations at time scales faster than self-aggregation has been shown to occur.
However, if this hypothesis is true, new studies could look for signatures of self-aggregation

within more easily observed forced convective organisation events.

In Chapter 3, | added a different real-world forcing’ to our simulations: land. The impact
of land on self-aggregation is one of the biggest unanswered questions within the ag-
gregation community. In recent years some studies have included land in these idealised
modelling frameworks which has led to interesting results on the impact of land on temper-
ature profiles and precipitation (Cronin et al. 2015; Leutwyler and Hohenegger 2021) over
small islands. However, no studies have specifically investigated how aggregation mech-
anisms are impacted by the presence of a land-sea contrast. Also, existing studies have
exclusively used CRMs for their research, however, this limits the size of land mass which
can be included in a model. Therefore, these two open questions are what motivated me

to ask "What is the impact of land on large-scale convective aggregation?.

My study design was similar to that of the simulations in Chapter 2 which do not include

the aerosol plume. This gave me a good understanding of the equilibrium state convection
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reaches if the land is not present. As | wanted to see how land impacts aggregation, | used
the higher SST of 305K, as at this temperature, convection is strongly self-aggregated in the
absence of land. The representation of land in this chapter was an idealised, circular, flat,

continentally-sized island which was initialised with tropical rainforest-like’ parameters.

| found that convection aggregates persistently over our island, leading to domain-mean
warming, drying, and reduction in high-cloud amount, as with previous, more idealised
self-aggregation simulations (e.g. Muller and Held 2012; Wing and Emanuel 2014; Cronin
and Wing 2017; Wing et al. 2020; Zhang et al. 2021). The aggregation over land is trig-
gered by surface fluxes, where sensible heating causes a land-sea thermal contrast, which
in turn drives a land-sea breeze circulation. This circulation converges over the land, trig-
gering convection. Although there are some differences, this is similar in many ways to the
mechanisms driving the aggregation shown in Chapter 2: a thermally-direct circulation is
spun up which causes convection to organise nearby, and convection is suppressed away
from the heating source, although there are differences in the way the thermally-direct

circulation is triggered.

After the initial triggering, the surface temperature anomaly field reverses with positive
anomalies over the ocean and negative ones over land. Previous self-aggregation studies
have shown that, when surface temperature pattern reverses like this, convection typically
propagates towards the warmest surface temperatures (e.g. Tompkins 2001c; Hohenegger
and Stevens 2018). Therefore, one would expect the convection to propagate towards the
now comparatively warmer ocean. However, convection remains clustered over the neg-
ative temperature anomalies over land. | attributed this to radiative feedbacks between
longwave fluxes and convection. The lower-tropospheric cloud longwave absorption is
able to maintain an equivalent potential temperature gradient, which continues to drive
the land-centred circulation. When testing this result, horizontally homogenising the long-

wave radiative fluxes effectively removed this virtual temperature gradient in the lower-
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troposphere, and thus removed the surface level land-centred convergence. Without this
convergence, | showed that near-surface FMSE was no longer advected upgradient which
prevented the broadening of the moisture distribution that is typical of self-aggregation
(e.g. Bretherton et al. 2005; Coppin and Bony 2015; Bony et al. 2016; Wing and Cronin
2016; Becker et al. 2017; Wing et al. 2020).

The work in Chapter 3 reinforced the key conclusion from Chapter 2, which is that self-
aggregation feedbacks remain vital in maintaining clusters of convection, even if the initial
clustering is triggered by a large-scale forcing. Also, in both chapters, the large-scale effects
of self-aggregation such as the broadening of the moisture distribution and reduction in
high-cloud amount also happen if the aggregation is initially forced. With the convection
remaining locked over the land, | was also able to show a potential limit to the maximum
size of convective cluster, in line with previous scaling work (e.g. Craig 1996). This scaling
is remarkably similar to the typical length scale of the Madden-Julian Oscillation (MJO), a
phenomenon self-aggregation has been linked to in the past (Arnold and Randall 2015;
Khairoutdinov and Emanuel 2018). These two studies which simulated an MJO-like dis-
turbance did so in a highly idealised framework, close to RCE but with rotation. Whilst |
make no claim that our convective cluster is a representation of the MJO, especially as our
simulations are non-rotating, it is interesting that the potential length scales are so similar.
Therefore, | recommend a future line of research that further investigates the links be-
tween self-aggregation and the MJO. This could help us to understand not only a potential
real-world manifestation of self-aggregation but also the length scale of self-aggregation.
Understanding this scaling would clarify how we might observe self-aggregation in the

future. Further discussion of future research directions can be found in Section 5.3.

Another potential interaction between forced- and self-aggregation has previously been
documented by Muller and Hohenegger (2020). They showed that convection zonally aggre-

gates in a cloud-resolving spherical domain with a meridional SST gradient and attributed
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this to self-aggregation feedbacks. Therefore, | wanted to first verify that this zonal ag-
gregation also occurs with parameterised convection, and do a detailed analysis of the
feedbacks driving the self-aggregation. Thus, Chapter 4 answers the question "How does
self-aggregation behave over the influence of a large-scale sea-surface temperature gradient?”.
As with each of the previous two chapters, | found that longwave feedbacks are essential
for zonal aggregation to occur, and these generate a circulation which increases the up-
gradient advection of FMSE when the equator is more aggregated. The role of shortwave
feedbacks was found to impact the length and time scales of the aggregation indirectly,
through interactions between shortwave radiation and the circulation. Additionally, | found
that zonal aggregation has similar equator-mean effects to the domain-mean effects of
idealised self-aggregation, such as a broadened moisture distribution and an increase in
longwave cooling to space. These domain-mean effects occurred regardless of the time
and length scales of aggregation. Finally, | showed that zonal aggregation is associated
with a mid-tropospheric meridional moisture export. Muller and Hohenegger (2020) also
found this moisture export, although in their simulations moisture was primarily exported
from the convective cluster, whereas in my simulations the moisture export is from the
dry patches. Altogether, these results point to zonal aggregation being a manifestation of
self-aggregation in an incrementally more realistic atmosphere. Whilst in the real tropi-
cal atmosphere, the primary driver of zonal clustering is surface temperature gradients, the
work | have presented in Chapter 4 implies that self-aggregation could play an important
role in zonal clustering and therefore should not be ignored. Further, the conclusions from
Chapters 2 and 3 have highlighted that self-aggregation feedbacks might be amplifying
aggregation originally driven by a large-scale forcing. Therefore, it is also possible that,
despite real-world zonal clustering being triggered by surface temperature gradients, self-

aggregation mechanisms are playing a role in amplifying and maintaining the organisation.

However, in the presence of the meridional SST gradient, there are some differences be-

tween our zonal self-aggregation and more idealised self-aggregation. Firstly, in our study
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there is still some convection covering most of the equator, even during periods which have
increased aggregation due to the equatorial moisture convergence forced by the SST gradi-
ent. Secondly, | also showed that when self-aggregation forms it manifests as a dry patch,
typically existing for hundreds of days in succession, covering 30-40% of the equator at
the peak of aggregation. This differs from typical self-aggregation, where the dry patches
generally expand to cover over 50% of the domain (e.g. Coppin and Bony 2015; Bony et al.
2016; Becker et al. 2017). Indeed, in Chapter 3 | showed that aggregated convection seems
to only cover approximately 25% of the domain at any time. Thus, the work in Chapter 4
has shown that self-aggregation could be important for driving zonal clustering along the
equator. However, as has been shown before, the tropical regions have a constant import of
near-surface FMSE driven by the Hadley circulation (e.g. Rhiel and Malkus 1958; Neelin and
Held 1987; Needham and Randall 2021). It is likely that this net import of FMSE is therefore
driving the differences between more idealised self-aggregation, and the self-aggregation

along the equator in this model with an SST gradient.

5.2 GCMs and parameterised convection

The work presented across this thesis uses a relatively coarse GCM with parameterised
convection. The RCE model intercomparison project (RCEMIP) has robustly shown that both
GCMs and CRMs self-aggregate, and that this aggregation drives similar domain-mean re-
sponses (Wing et al. 2020). However, other studies have shown differences in some features
of aggregation between models with explicit and parameterised convection. As introduced
in Chapter 1, Becker and Wing (2020) found that GCMs almost always show an increase in
aggregation with warming in the RCEMIP ensemble, whereas CRMs showed no consistent
response to SST.Additionally, Coppin and Bony (2015) found that the feedbacks driving self-
aggregation in a GCM varied at high and low surface temperatures. At high temperatures

they identified that the WISHE surface flux feedback was the main feedback driving aggre-
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gation. However, at lower SSTs the circulation associated with low-level radiative cooling in
the dry region was found to be the dominant feedback. Finally, Pope et al. (2022)found that
the GCMs in the RCEMIP ensemble have stronger cloud-longwave radiation interactions

than CRMs, and that typically resulted in faster aggregation in GCMs versus CRMs.

Therefore, when discussing the conclusions and outlooks from the research presented in
this thesis, we must consider the potential impact the parameterisation scheme may have
on the results presented. Throughout this thesis, | showed that the longwave feedbacks are
a dominant factor in driving aggregation. Perhaps, from the results of Pope et al. (2022)
this should be expected. It would be interesting to investigate the results presented here
at different model resolutions and with an explicit convection scheme. There are many
difficulties associated with this however, in particular, the computational expense of simu-
lating a global domain for the time-scales these simulations require. However, | will next
present some discussion on how an explicit convection scheme may impact the results

from Chapters 2, 3, and 4.

In Chapter 2 | showed that the aerosol forcing drove a thermally-direct circulation which
forced convection to aggregate. These results showed a lot of similarities to the CRM re-
sults from Shamekh et al. (2020a). In particular, both studies showed an importance of
the radiative feedbacks in driving this aggregation, a lack of hysteresis when the forcing
was removed, and an ability of the forcing to drive aggregation in the absence of radiative
feedbacks. Thus | would expect the results of Chapter 2 to remain largely unchanged if

computed with a CRM.

The investigation of the impact of an island on the aggregation of convection in Chapter
3 would possibly be the most interesting to explore with a higher resolution model. We
found that the large-scale radiation-convection-circulation feedbacks were able to dampen
the effect of the land surface cooling. This led to a land-centred circulation at all times,

flooding the island and preventing and dry soil from forming. In the work of Hohenegger and
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Stevens (2018), there were found to be two opposing soil moisture-convection feedbacks.
One was a positive aggregation feedback associated with increased convective instability
over wet soils; the other was a negative aggregation feedback with dry soils inducing a
low-level circulation reversal towards the non-convecting region. In our simulations, this
circulation reversal never happened due to the lack of any dry soil. An investigation using a
higher resolution model with explicit convection would allow us to investigate whether this
is due to the resolution of the model used having an inability to resolve these feedbacks,

or due to the processes and feedbacks which occur on the large-scale.

Finally, the results of the SST gradient investigation in Chapter 4 should be mostly robust in
a model with explicit convection. This is due to the similarities shown between my results
and those of Muller and Hohenegger (2020), who performed their analysis in a spherical
CRM. Nevertheless, biases associated with convective parameterisation schemes have been
shown to exhibit some important deficiencies. In particular, some GCMs simulate a double
ITCZ instead of a single ITCZ (e.g. Mechoso et al. 1995; Lin 2007), and many GCMs capture
equatorial Kelvin waves poorly (e.g. Straub et al. 2010). However, there are still CRMs which
simulate a double ITCZ (e.g. Retsch et al. 2019) thus implying that presence of a single or
double ITCZ is a result of more than just the convection parameterisation. Isolating the role
self-aggregation plays on convective organisation at the equator would help to gain a better
understanding of model biases in tropical convection. Thus, it remains important to con-

tinue to perform self-aggregation studies with both explicit and parameterised convection.

5.3 Avenues for future research

As introduced in Chapter 1, idealised models are an incredibly useful tool to enable us
to probe more fundamental questions about the climate system (Schneider and Dickinson

1974; Hoskins 1984; Held 2005; Maher et al. 2019), and the work that has been produced
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using RCE has greatly increased our understanding of how clouds, climate, and circulations
interact. However, with using an idealised model comes limitations in how we can apply
the results of a study to the real climate. Here, | will discuss some of the broader limitations
of the approaches and methodologies used to fully contextualise the results in this thesis

and present some opportunities for further research.

Aerosol-cloud interactions and observational fingerprints of self-aggregation

In Chapter 2 | used an idealised absorbing aerosol plume to force a thermally-direct circu-
lation, which | showed had large impacts on aggregation. In our concluding remarks on that
chapter, | highlighted that there are observed examples of plumes with a similar absorbing
aerosol optical depth as used in our study (e.g. Eck et al. 2003; Vadrevu et al. 2015; Sharma
et al. 2017; Filonchyk et al. 2020). Hence, there could be a link between high pollution
or biomass burning events and convective aggregation. However, an additional complexity
which must be taken into account is that my simulations were calculated using only the
direct aerosol radiative effect, with no modelling of the interactions between aerosols and
cloud droplets. The impact of aerosols on mesoscale convective systems (MCSs) is not well
understood (Fan et al. 2016). It has been shown that increases in cloud condensation nuclei
might impact MCS precipitation, intensity, and propagation through microphysical effects
(e.g. Khain et al. 2005; Tao et al. 2007; Li et al. 2009; Seigel et al. 2013; Lebo and Morrison
2014), though this remains disputed, and the response to aerosols can differ with the type
of M(S, the stage of the MCS within its lifecycle, and the response may be non-monotonic
to aerosol abundance (e.g. Khain et al. 2005; Li et al. 2009; Seigel et al. 2013; Lebo and
Morrison 2014; Fan et al. 2016; Kawecki et al. 2016; Chakraborty et al. 2018; Clavner et al.
2018; Fan et al. 2018). Dagan (2022) recently used small domain RCE simulations to inves-
tigate how aerosol-cloud interactions impacted the equilibrium climate sensitivity (ECS),
finding an increase in the ECS with aerosol concentration due to an aerosol-driven, faster

increase in precipitation efficiency, thus proving the usefulness of investigating aerosol-
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cloud interactions in RCE. This precipitation efficiency increases faster under high aerosol
concentrations due to a higher sensitivity of the liquid water mixing ratio to increasing CO,.
Dagan (2022) conclude that their results might be of interest to self-aggregation studies
as aggregated convection has also been shown to increase precipitation efficiency (Bao

and Sherwood 2019).

In Chapter 2, | used a configuration of the aerosols MACv2-SP model which only imple-
mented the direct aerosol-radiative effects of the plume. An interesting extension of this
chapter could run two additional experiments whereby the cloud albedo effects of the
aerosols are used to gain a better understanding of the impact of aerosols on the aggre-
gation of convection. The first experiment could use the cloud-albedo effects in isolation,
with the second experiment using both the direct radiative and cloud-albedo effects. Whilst
this approach still does not account for potential aerosol lifetime effects on the convec-
tion, it would extend the analysis presented in this thesis to gain a more complete view
of aerosol-aggregation interactions. The results of these three experiments together could
help to understand firstly how MCSs might interact with aerosols, and secondly, help to in-
form on how we might be able to observe aggregation. The observational exercise could
look for convective organisation surrounding strong aerosol emission plumes. If the con-
clusions of Chapter 2 hold true, they suggest that self-aggregation processes and feedbacks
may amplify aggregation which is triggered by the aerosol plume. Thus, if we can create a
dataset of observed organisation events around strong aerosols plumes such as from pol-
lution, biomass burning, or volcanoes, then we can hunt for evidence of self-aggregation

feedbacks at play in these observations.

Another complexity that would need to be considered when searching for observational
fingerprints of self-aggregation around aerosol plumes is that our simulations were cal-
culated on an aquaplanet, whilst most high aerosol plumes are produced over land. Of

course, the work presented in Chapter 3 shows that aggregation may be preferential over
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land, rather than ocean. There is some observational evidence that this may be true, with
Machado and Rossow (1993) finding a preference for tropical mesoscale convective clusters
to form over land. A third, key idealisation used in the modelling of Chapter 2 is the use of
fixed aerosol plumes. Two possible repercussions of this are that real aerosol plumes often
have a non-persistent source, and plume-forced aggregation will also drive plume-forced
precipitation and thus the aerosols could be rained-out. Therefore, it is likely that the dy-
namics of a land surface (especially a more complex land surface than used in Chapter 3)
accompanied with a temporary aerosol plume (unlike the constant one used in Chapter 2)
are likely to have sufficient variability to disrupt the large-scale aggregation shown in this

thesis, and so must be taken into account.

The monsoon

One significant phenomenon to which my work could be utilised for, but has not been fully
discussed here is the monsoon. Whilst detailed discussions on this topic lie outside of the
scope of this thesis, it is worth highlighting that a combination of the simulation designs
presented in Chapters 2,3 and 4 could be an incredibly useful test bed for investigating the
monsoon. Recent work has suggested that regional monsoons are localised perturbations of
a tropical convergence zone, which may sit at the equator (the ITCZ) or be pulled over a con-
tinent as a monsoon (e.g. Bordoni and Schneider 2008, 2010; Mukherjee et al. 2014; Faulk
etal.2017; Hill et al. 2019; Geen et al. 2020). Also, a large focus in the monsoon community
is the role anthropogenic aerosols play in driving monsoon changes, currently and in the fu-
ture (Ding et al. 2015). As the model design in this thesis removes many of the complexities
of the real-world atmosphere, it allows us to study how convection fundamentally interacts
with circulations, aerosols, and land. Therefore, | recommend a future study which combines
our model design in Chapters 2, 3 and 4 with an idealised island, SST gradients, and aerosol
plumes. It would then be easy to tweak parameters in order to create an ensemble of simu-

lations with different SSTs, land properties, and aerosol optical properties. This work would
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be similar to the Tropical Rain belts with an Annual cycle and a Continent Model Intercom-
parison Project (TRACMIP; Voigt et al. 2016) in which simulations with a zonally-symmetric,
meridional SST gradient were performed which included a slab ocean, an idealised land
continent, and rotation. The work | have suggested here strips TRACMIP back further, to a
more idealised framework without interactive ocean surfaces, seasonal cycle, or rotation.
This would allow us to investigate more fundamentally how the convection, land, and SST
gradients are interacting. Comparing the results of this proposed study and TRACMIP would

therefore enable us to have a more complete understanding of the ITCZ and monsoons.

Interactive surfaces and length scale of aggregation

A simplification used in the simulations presented in this thesis is a fixed sea-surface tem-
perature. Other studies have shown that the interactive SST typically delay or prevent
aggregation (Tompkins 2001c; Hohenegger and Stevens 2016; Coppin and Bony 2017;
Shamekh et al. 2020b; Tompkins and Semie 2021). However, | showed in Chapter 4 that
our convective cluster was able to persist, even when the surface temperature anomalies
reversed. From this, | hypothesise that convection is able to remain aggregated, if the clus-
ter is sufficiently large, due to the positive virtual temperature anomalies produced by the
lower-tropospheric longwave cloud radiative effect. Many of the forced convective clusters
in our work are extremely large, far bigger than typical length scales of observed mesoscale
convective systems (e.g. Houze 1989),though the clusters are on the same order as the MJO
(e.g. Zhang 2005). It would be an interesting, and useful extension of this thesis to under-
stand firstly how our results are affected by an interactive ocean surface, and secondly if
there is a length scale at which the persistence of aggregation is independent of surface
temperature. Further, the work presented in Chapter 4 also showed that, in the presence
of a meridional SST gradient, homogenising the shortwave feedbacks had implications on
both the time and length scales of aggregation. | showed this is likely through the interac-

tions of shortwave radiative fluxes and the advection of FMSE. Thus, future investigation of



5.3. Avenues for future research 159

the time and length scales of aggregation could also explore this relationship.

The need for a full hierarchy

| have discussed throughout this thesis that there are a plethora of simplifications used in
typical self-aggregation studies. As introduced in Chapter 1, various studies have begun
to investigate what happens when these additional complexities are included in models.
With rotation, studies have typically shown that self-aggregation can present as tropical
cyclogenesis (e.g. Bretherton et al. 2005; Khairoutdinov and Emanuel 2013; Wing et al.
2016; Muller and Romps 2018; Carstens and Wing 2020), or as the MJO in near-global
models (Arnold and Randall 2015; Khairoutdinov and Emanuel 2018). Other studies have
investigated inhomogeneous surfaces (e.g. Tompkins 2001a; Hohenegger and Stevens 2016;
Coppin and Bony 2018; Muller and Hohenegger 2020; Shamekh et al. 2020a,b; Leutwyler
and Hohenegger 2021; Tompkins and Semie 2021), or the diurnal cycle (e.g. Haerter et al.
2020; Tompkins and Semie 2021; Jensen et al. 2022). | have argued in this thesis, that
incrementally increasing the complexity of idealised models is a useful way to isolate how
more realistic processes can impact the results. | have learned a lot from the studies which
have done this, as exemplified in this thesis, however | propose that a full model hierarchy
project should be undertaken. This could, for example, continue to incrementally increase
the complexity of the model used, from a ‘classic’ RCE simulation, through to an AMIP-style
simulation, ideally with the addition of interactive SSTs. This targeted hierarchy would
allow for a consistent analysis technique throughout, and as such would enable an easy
comparison of results. This project is likely to help significantly improve our understanding

of the manifestation of idealised self-aggregation in the real-world.
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