
1. Introduction
In the tropics, deep convection transports large amounts of water vapor and energy vertically, as well as playing 
an important role in setting the Earth's radiative budget and large-scale circulations. This deep convection can be 
organized on a range of scales, from mesoscale convective systems, up to planetary envelopes of convection like 
the Madden-Julian Oscillation (MJO) (Madden & Julian, 1994; Tobin et al., 2012). Organized systems like these 
provide a significant contribution to tropical precipitation and cloudiness, with a large fraction of precipitation 
extremes occurring during convective organization (Roca & Fiolleau, 2020). Increased convective clustering has 
also been shown to affect large-scale circulations, including the structure and extent of the intertropical conver-
gence zone (Popp & Bony, 2019).

Abstract Convective aggregation is an important atmospheric phenomenon which frequently occurs in 
idealized models in radiative-convective equilibrium (RCE), where the effects of land, rotation, sea surface 
temperature gradients, and the diurnal cycle are often removed. This aggregation is often triggered and 
maintained by self-generated radiatively driven circulations, for which longwave feedbacks are essential. Many 
questions remain over how important the driving processes of aggregation in idealized models are in the real 
atmosphere. We approach this question by adding a continentally sized, idealized 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. Through mechanism denial tests we find that removing the longwave 
feedbacks reduces the large-scale effects of aggregation but does not prevent aggregation from occurring, 
and thus we highlight there must be another process aiding the aggregation of convection. We also show, by 
varying the island size, that the aggregated convective cluster appears to have a maximum spatial extent of 

𝐴𝐴  (10,000 km). These results highlight that the mechanisms of idealized aggregation remain relevant when land 
is included in the model, and therefore these mechanisms could help us understand convective organization in 
the real world.

Plain Language Summary Large tropical storm clouds can cluster together to form organized 
systems, which are associated with extreme precipitation within the cloudy region, and very dry conditions 
away from the cloudy region. These systems, called organized deep convection, are often studied in simplified 
models of the atmosphere where the land, Earth's rotation, and variations in sea-surface temperature are 
removed. In this paper we take a step toward reality and look at how including a large, idealized island in a 
simplified model affects how convection clusters. We show that convective clouds group together over the land 
throughout our model simulations. We investigate the processes driving this and find that surface flux feedbacks 
dominate early in the simulations. The feedbacks maintaining the convective aggregation are more complex. 
We find there is an important role for the longwave feedbacks, but that there must be another necessary process 
also aiding the clustering process. Our results highlight that the processes in highly idealized modeling studies 
seem to be relevant in more realistic models, and thus could help us understand how convection organizes in the 
real world. However, we also conclude it is important that follow-up work investigates the remaining additional 
feedbacks to gain a more complete understanding.
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Idealized 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 simpli-
fied configuration, any imbalances caused by radiative cooling is balanced by convective heating. This balance 
is known as radiative-convective equilibrium (RCE) (Manabe & Wetherald, 1967). Removing these complexities 
associated with heterogeneities in the boundary conditions allows for studies to analyze the processes of impor-
tance 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 on the tropical 
atmosphere (e.g., Held et  al.,  1993; Khairoutdinov & Emanuel,  2013; Manabe & Wetherald,  1967; Robe & 
Emanuel, 2001; Stephens et al., 2008; Tompkins & Craig, 1998; Wing et al., 2020).

In many models using an RCE configuration, deep convection has often been found to spontaneously cluster 
together through radiatively driven circulations, despite homogeneous boundary conditions; a phenomenon 
called convective self-aggregation (Bretherton et  al.,  2005; Coppin & Bony,  2015; Held et  al.,  1993; Muller 
& Held, 2012; Tompkins & Craig, 1998; Wing & Emanuel, 2014; Wing et al., 2020). The self-aggregation of 
convection has been found to require longwave radiative feedbacks for its initiation and maintenance, with short-
wave and surface enthalpy feedbacks being shown to contribute to the aggregation's initiation, but ultimately 
have been found not to be essential for aggregation to form (Coppin & Bony, 2015; Muller & Held, 2012; Wing 
& Emanuel, 2014; Yang, 2018a).

Despite RCE being regarded as a reasonable simplification of the tropical climate, the real world relevance of the 
behavior of deep convection in these models is debated. In particular, many of the processes which are removed 
in an RCE model have been shown to influence the organization of convection, such as SST gradients (Müller & 
Hohenegger, 2020; Shamekh et al., 2020a; Tompkins & Semie, 2021) and land-sea contrasts (Cronin et al., 2015; 
Leutwyler & Hohenegger, 2021; Sato et al., 2009). There are an increasing number 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 & Randall,  2015; 
Davis, 2015; Khairoutdinov & Emanuel, 2018; Muller & Romps, 2018; Wing et al., 2016), and the diabatic heat-
ing from absorbing aerosol plumes has been shown to force convection to aggregate (Dingley et al., 2021). Inho-
mogeneous surfaces have also been shown to strongly affect convective aggregation. Studies have shown that SST 
gradients force convection to cluster over warmer SSTs (Müller & Hohenegger, 2020; Shamekh et al., 2020a; 
Tompkins, 2001a), whilst interactive SSTs have been shown to prevent or delay the aggregation of convection 
(Hohenegger & Stevens, 2016; Shamekh et al., 2020b; Tompkins & 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 toward the dry region, disaggregating the convection. The organization 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 homogenization 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 toward 
this dry region, instead of toward the convective cluster. This clusters convection in this originally 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 
behavior 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 aggre-
gation (Bretherton et al., 2005; Coppin & 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 toward a more realistic 
modeling paradigm.

Previous investigations of islands in an RCE model have shown that convection and precipitation tend to favor 
land (Coppin & Bellon, 2019; Cronin et al., 2015; Leutwyler & Hohenegger, 2021; Wang & Sobel, 2017). 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 
a aquaplanet simulation, and this warming increased monotonically with island size. They postulate that this is 
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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 favors convection (Findell & 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 gradient can form, sensible heat gradients will also form, generating 
an opposing low-level circulation from moist to dry regions which can act to destabilize the convection (e.g., 
Taylor et al., 2012). In their work over a land-only planet, Hohenegger and Stevens (2018) found the latter path-
way dominated, preventing the persistent aggregation of convection. Leutwyler and Hohenegger  (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 modeled as a patch of ocean with a heat capacity anomaly. 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 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 evapo-
transpiration, 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 idealized modeling framework in order to investigate clouds, circulation and precip-
itation. In their project, simulations with a zonally symmetric, meridional SST gradient were performed which 
included a slab ocean and an idealized land continent. They find that adding a land continent led to a domain-
mean cooling of 0.1–1.8K. In particular, Biasutti et al. (2021) found that the initial energy perturbation to the land 
surface leads to a significant warming of the continent, whilst in equilibrium the land warms at little at the equa-
tor, but the continent is mostly cooler than the surrounding ocean surface. The authors hypothesize that  the  local 
feedbacks between clouds and radiation are likely important at maintaining these surface temperature anomalies 
due to low atmospheric humidity.

Previous studies of islands in an RCE simulation have focused mainly on the effect the land-sea contrast has on 
the diurnal cycle, precipitation and temperature profile more than the mechanisms behind any organization of 
convection. They have also exclusively investigated the effect in a cloud-resolving model, where island size is 
limited. To our knowledge, no studies thus far have investigated the effect of a large, continentally sized island on 
aggregation. In this paper we aim to answer the following questions:

1.  How does the inclusion of an idealized island in a global RCE model impact the aggregation of convection? In 
particular, the spatial structure of aggregation, and 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?

2. Methods
2.1. Model Set-Up

We employ the ICOsahedral Nonhydrostatic Atmospheric GCM (ICON, Giorgetta et al., 2018; Zängl et al., 2015), 
version 1.8, coupled to the JSBACH4 land model (Jungclaus et al., 2022) in all simulations described in this 
paper. This version of the ICON GCM model uses the ECHAM6 physics packages (for a full description, see 
Stevens et al. (2013)), including a bulk mass-flux convection scheme (Nordeng, 1994; Tiedtke, 1989) and cloud 
cover calculated using the relative humidity (Sundqvist et al., 1989). Other parameterization schemes used are 
the Lohmann and Roeckner microphysics scheme (Lohmann & Roeckner, 1996) and the gravity wave scheme as 
described in Stevens et al. (2013).

The JSBACH4 land model is a dynamic global vegetation model and offers a full representation of soil-vegetation-at-
mosphere interactions. The surface energy budget and soil thermal layers over land are implicitly coupled to 

 19422466, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022M

S003249 by T
est, W

iley O
nline L

ibrary on [10/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Advances in Modeling Earth Systems

DINGLEY ET AL.

10.1029/2022MS003249

4 of 22

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.

ICON is run on a triangular grid, based on dividing a spherical icosahedron. In this paper we use the R02B04 
grid, which has 20,480 cells, with an average cell area of approximately 25,000 km 2, and an approximate equiv-
alent grid-spacing of 160 km. 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 (e.g., rocky terrain or sandy desert). 
The tiled fraction of the grid box is then further separated into different surface types to represent sub-grid scale 
heterogeneity: a glacier, or one of 11 plant functional types (Reick et al., 2013). 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 1,350 m at 15 km, and 5,900 m near the model top.

2.2. Experimental Set-Up

ICON is used in an RCE configuration. The simulations are setup with no rotation, no diurnal cycle, no large-scale 
imposed winds, and a fixed SST of 305K, an SST where strong self-aggregation occurs in the ICON GCM 
(Dingley et al., 2021; Wing et al., 2020). The RCE state is initialized from homogenized boundary conditions 
with a solar insolation of 551.58 W m −2 and a fixed zenith angle of 42.05° giving a constant total insolation of 
409.6 W m −2, equivalent to the annual mean insolation in the tropics. The temperature and specific humidity 
profiles are initialized from a 1 month, non-aggregated aquaplanet simulation: we use horizontal means of the 
temperature and humidity profiles at the end of this non-aggregated simulation, and add some noise in the lowest 
five layers (see Wing et al. (2018)), then set those profiles as our initial conditions in the remaining simulations. 
The ocean albedo is set to 0.07. Concentrations of tracers CO2, CH4, N2O, 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). This atmospheric configuration follows 
that of the RCE model intercomparison (RCEMIP) project (Wing et al., 2018). In these simulations we use a 
model time step of 15 min, with radiation calculated every 90 min. The simulations described in this paper were 
run for 2 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 35.7*10 6 km 2). All land grid cells are completely covered by vegeta-
tion, with no glaciers. Surface properties have been set to average tropical rainforest-like values, with tropical 
broadleaf evergreen vegetation covering the island, to mimic tropical warm conditions. Rainforest surface prop-
erties are taken from the JSBACH4 initialization data set (Hagemann, 2002; Reick et al., 2021), and averaged 
over a box in the Amazon with latitudes ranging between −1° and −10° and longitudes ranging between −70° 
and −60°. Some of the key surface properties are listed in Table 1. Soil temperature is the only property not set 
using Amazon rainforest equivalent values. Soil temperature is initialized 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 

Table 1 
Surface Properties Used to Initialize the JSBACH4 Land Model Within the ICOsahedral Nonhydrostatic Atmospheric GCM 
for the Rainforest and Grass Experiments

Parameter name Rainforest Grass

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

Plant functional type 4 7

Thermal diffusivity 7.1 ∗ 10 −7 m 2 s −1 7.4 ∗ 10 −7 m 2 s −1

Leaf area index 8.928 2

Root depth 1.351 m 1 m

Vegetation albedo 0.122 0.3

Roughness length 1.871 m 0.05 m

Soil depth (to bedrock) 2.194 m 3 m

Heat capacity 2.36 ∗ 10 6 J m −3 K −1 2.25 ∗ 10 6 J m −3 K −1

Heat conductivity 1.68 W m −1 K −1 1.67 W m −1 K −1

Soil porosity 0.456 m m −1 0.459 m m −1
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temperature and found that our results were invariant to this choice. Results 
were also tested with island surface temperatures ranging between 300 and 
310K at increments of 1K, and again were found to be invariant to our choice 
of initial temperature. Another sensitivity test was performed for the vegeta-
tion type. For this test we changed from rainforest land parameters, to grass 
parameters (see Table 1). The results of this test were again, quantitatively 
similar to the rainforest experiment, and can be found in Appendix A. The 
island has an elevation of 0 m everywhere, to remove topographical effects 
on convection and its organization.

To test the impact of the radiative feedbacks on aggregation, we perform 
mechanism denial tests, where the longwave or shortwave radiative fluxes 

are horizontally homogenized in turn, at each model level and each time-step. These experiments will hereafter 
be referred to as Land-HomogLW and Land-HomogSW, respectively. Surface fluxes remain interactive for all 
simulations.

Finally, in order to contextualize our results with existing self-aggregation studies, we will compare our simu-
lations to both an aggregated and a non-aggregated RCE simulation without land. Dingley et al. (2021) showed 
that, at an SST of 305K aquaplanet ICON GCM RCE simulations (that are otherwise identical to the above 
Land-NoHomog) strongly self-aggregate with interactive radiative fluxes, and do not aggregate with homoge-
nized longwave radiative fluxes (see Figures 9g and 9h in Dingley et al. (2021), respectively). Thus, these are 
the simulations we will use to compare our results to (hereafter NoLand-NoHomog, and NoLand-HomogLW, 
respectively). A table describing all experiments in this paper can be found in Table 2.

2.3. Analysis Methods

In order to compare the relative degree of aggregation of different simulations, we use the variance of 
column-integrated relative humidity (CRH, 𝐴𝐴 𝐴𝐴

2

𝐶𝐶𝐶𝐶𝐶𝐶
 ) metric (Wing & Cronin,  2016). Column relative humidity 

(CRH) is defined as the ratio of the density-weighted integral of tropospheric water vapor and its saturation 
counterpart. This metric utilizes the signature of aggregation where moist regions moisten and dry regions get 
drier as convection clusters together, driving a broadening of the moisture distribution. This metric does not have 
a threshold value above which convection is considered as aggregated. Instead, it is used as a comparative metric 
which allows us to compare the relative degree of aggregation across different simulations. We also tested results 
using the variance of frozen moist static energy (FMSE). For all simulations, results were qualitatively similar.

To help us identify important feedbacks driving aggregation in our simulations, we will use the FMSE variance 
budget, as defined by Wing and Emanuel (2014). This method used the column-integrated FMSE:

ℎ̂ =
∫
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝜌𝜌ℎ𝜌𝜌𝜌𝜌 =
∫
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝜌𝜌(𝑔𝑔𝜌𝜌 + 𝐶𝐶𝑡𝑡𝑇𝑇 + 𝐿𝐿𝑣𝑣𝑞𝑞𝑣𝑣 − 𝐿𝐿𝑓𝑓𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖)𝜌𝜌𝜌𝜌 (1)

as it is approximately conserved during convection with no ice phase surface precipitate. Here h is the FMSE, ρ 
is the air density, gz is the geopotential, Cp is the specific heat capacity of dry air, T is the air temperature, Lv is 
the latent heat of vapourization, Lf is the latent heat of fusion, and qice is the ice mixing ratio. ∫trop indicates we 
are integrating over the troposphere. As convective aggregation increases, it broadens the moisture distribution 
and in tropical regions, increases in 𝐴𝐴 ℎ̂ are typically driven by increases in moisture (Sobel et al., 2001). Thus 

increases  in convective aggregation are associated with increases in the spatial variance of 𝐴𝐴 ℎ̂ . Following this, 
Wing and Emanuel (2014) derived a budget for the variance of FMSE:

1

2

𝜕𝜕ℎ̂′
2

𝜕𝜕𝜕𝜕
= ℎ̂′𝑆𝑆𝑆𝑆𝑆𝑆

′ + ℎ̂′𝑁𝑁𝑁𝑁𝜕𝜕𝑁𝑁𝑁𝑁
′ + ℎ̂′𝑁𝑁𝑁𝑁𝜕𝜕𝑆𝑆𝑁𝑁

′ − ℎ̂′∇ℎ ⋅ 𝑢𝑢ℎ (2)

Here, primed quantities [⋅]′ represent an anomaly from the global horizontal mean, SEF stands for surface 
enthalpy fluxes, which is the sum of the latent and sensible heat fluxes, NetLW and NetSW are the column long-
wave and shortwave radiative flux convergences respectively where:

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡 =
(

𝑁𝑁𝑁𝑁 ↑𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑁𝑁𝑁𝑁 ↓𝑠𝑠𝑠𝑠𝑠𝑠
)

− 𝑁𝑁𝑁𝑁 ↑𝑁𝑁𝑡𝑡𝑡𝑡 (3)

Table 2 
List of Experiments

Experiment name Land Interactive LW Interactive SW

Land-NoHomog ✓ ✓ ✓

Land-HomogLW ✓ × ✓

Land-HomogSW ✓ ✓ ×

NoLand-NoHomog × ✓ ✓

NoLand-HomogLW × × ✓
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����� = ����� − ����� = (�� ↓��� − �� ↑���)

−
(

�� ↓��� − �� ↑���
)

.
 (4)

𝐴𝐴 ℎ̂′∇ℎ ⋅ 𝑢𝑢ℎ is an advective term which is calculated as a residual from the rest 
of the budget. Each term on the right-hand side of Equation 2 represents a 
covariance with a source or sink of FMSE. Therefore, a positive term repre-
sents a positive feedback on aggregation.

3. Results
3.1. Land-Centered Aggregation

Convection primarily forms over the island throughout our Land-NoHomog 
simulation (Figures  1a and  1c), 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 (Figures 1b and 1d). This 
aggregated state is visually reached approximately between 5 and 10 days 
after the simulation start, although atmospheric equilibrium and therefore 
equilibrium in the moisture variance is reached approximately 70 days after 
simulation start (Figure  3). In Figure  1b we can see two modes of wave 
propagation—the first moves from land to sea soon after simulation outset. 
This will be discussed in more detail later in the manuscript. There is also 
evidence of slowly propagating convective packets moving from ocean to 
land from approximately day 50 onward. This is evident as the convection 
which forms over the ocean subsequently gets advected toward the island at 
roughly 3 m s −1, and thus is likely a local moisture mode (see Grabowski and 

Moncrieff (2004) and Tompkins (2001b)). Convection which is triggered over the island itself, typically forms 
at the center of the island and is advected toward the coastline of the island. Videos of the outgoing longwave 
radiation (OLR) and CRH over the first 6 months can be seen in Movie S1.

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). Namely, a soil moisture-limited regime where the 
main control on evapotranspiration is the soil moisture, or a radiation-limited regime where the evaporative frac-
tion is independent of soil moisture. In our simulations, despite the use of a dynamic vegetation model where soil 
moisture gradients could form, the persistent cluster of cloud covering the island prevents this, and thus we remain 
in the radiation-limited pathway, where evaporation is not limited by soil moisture (Koster et al., 2004; Seneviratne 
et al., 2006, 2010). This is evident from Figure 2, 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 bottom 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 rainforest vege-
tation type, drainage provides the largest moisture sink. Thus, despite the more 
advanced modeling configuration, our island becomes closer to the saturated 
island simulation of Cronin et al. (2015).

Figure 3 shows a comparison of the domain-mean properties of this simu-
lation (Land-NoHomog) with the NoLand-HomogLW simulation, and 
the NoLand-NoHomog simulation. We can see that comparatively to the 
NoLand-HomogLW simulation, there is a strong domain-mean warming, 
free-tropospheric drying, and a decrease in high level clouds. This is consist-
ent with the results of many previous self-aggregation studies (e.g., Cronin 
& Wing,  2017; Wing et  al.,  2020). The Land-NoHomog shows similar 
domain-mean effects of aggregation to the NoLand-NoHomog simulation, 
with Figure 3a 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 

Figure 1. (a, b): Four-hour mean snapshots of (a) outgoing longwave radiation 
(OLR) and (b) column relative humidity (CRH) 180 days after simulation 
start. (c, d): Hovmöller plots of (c) 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° island.

Figure 2. 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 (0–0.065 m), layer 2 (0.065–0.319 m), layer 3 
(0.319–1.232 m), and layer 4 (1.232–4.134 m).
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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 simulations with/without land, there is a much stronger domain-
mean warming throughout the troposphere in the Land-NoHomog simulation. This would happen if the convec-
tion 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-NoHomog experiment. 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 1 that there is a large-scale circulation being generated and maintained 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 

Figure 3. (a, b) Time evolution of variance of domain-mean column relative humidity (𝐴𝐴 𝐴𝐴
2

𝐶𝐶𝐶𝐶𝐶𝐶
 ). (c–e): Domain-mean vertical profiles of (c) temperature, (d) relative 

humidity, (e) cloud fraction, difference from NoLand-HomogLW, time-averaged over days 100–720 of the simulations.
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radiative circulations. 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 (Coppin & Bony, 2015; Holloway & Woolnough, 2016; 
Muller & Bony, 2015; Muller & Held, 2012), a mechanism 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 4 shows some of the key physical quantities driving the circulation over the first 40 days of our simulation. 
Figure 4a illustrates the aforementioned circulation, and its extent. We can see that the surface winds are converg-
ing toward the island at every oceanic point, with approximate speeds of 3 m s −1 once aggregation has been 
reached (roughly 10 days after simulation start). This circulation is being triggered initially by very strong SHF 
spatial anomalies as indicated by a strongly positive SEF spatial anomaly in Figure 4e and a Bowen ratio above 
one in Figure 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 thermal contrast also causes surface winds. The circulation described here is analogous to the well docu-
mented sea-breeze circulation (Miller et al., 2003), which subsequently triggers convection (Carbone et al., 2000; 
Crook, 2001; Kingsmill, 1995). The convection starts at the edge of the island, and as the surface  circulation 

Figure 4. Hovmöller 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, and (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.
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grows in strength, moves inwards until the whole island is covered by convecting air (Figure 4d). For a more 
zoomed in version of Figure 4, please see Figure S1 in Supporting Information S1. These results highlight that 
boundary layer processes are likely important for the initiation of aggregation, supporting recent results from 
other studies (e.g., Muller & Bony, 2015; Naumann et al., 2017; Yang, 2018a, 2018b). 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 manuscript 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 m s −1 at 500 hPa, which acts to elim-
inate 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 gradient approximation (Leutwyler & Hohenegger, 2021; Sobel et al., 2001). Evidence of this 
wave can be seen in Figure 4, especially in Figure 4d as a wave of subsiding air moving outwards away from 
the island, and in the timescale of the inward-moving convection over the island in the initial triggering phase 
(Figure 1c). The subsidence associated with this wave causes a strong drying of the columns far away from the 
island (Figure 1d), which completes the process of aggregation. Figures 4g and 4h show that in the initial 2 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 4 that the circulation which aggregates the 
convection is triggered in this simulation with land primarily through surface fluxes, mostly the SHF. 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.

If we investigate the feedbacks in the first 10  days through the FMSE variance budget method, we can see 
similar results (Figure 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 5c). In the first 3 days, the 
surface enthalpy feedback is the dominant term driving FMSE variance with the SHF feedback providing the 
largest contribution (Figure 5b). Both the globally averaged and land-averaged term oscillate between positive 
and negative values. This is due to the oscillation in the land-averaged 𝐴𝐴 ℎ̂

′ term. The sign of the surface enthalpy 
flux horizontal anomaly, however, remains positive (Figures 4e and 4f), acting as a source of FMSE over the 
island consistently in the first 3 days of the simulation. Thus, we argue that the surface fluxes drive the aggre-
gation of convection over land in the earliest days of our simulation. After 2 days, the longwave feedback begins 
to increase, and it becomes the dominant positive feedback after 3 days of simulation. The contribution from 

Figure 5. Timeseries of diabatic terms in frozen moist static energy variance budget (Equation 2) over first 10 days of 
the Land-NoHomog simulation. (a) Averaged globally, (b) Globally averaged surface flux contributions, and (c) averaged 
over the island only. Panel (c) also includes the land-averaged values of 𝐴𝐴 ℎ̂

′ , 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 feedback, teal lines show sensible heat flux feedback, orange line shows 𝐴𝐴 ℎ̂

′ . 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).
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the longwave feedback then remains the dominant feedback throughout the remainder of the simulation. This 
is in agreement with the analysis above, where we identified 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 1c, 1d, 4b, and 4d). 
A key difference between the land model and atmospheric model is that the land surface energy budget is closed, 
whilst the ocean surface energy budget is not. This means that the land surface can change temperature, whilst the 
ocean temperature is fixed. Thus, once convection has formed, due to shortwave cloud shielding, the land surface 
tempera ture cools (Figure 4c—note that this is near surface temperature, but reflects the behavior of the surface 
temperature). This surface cooling, combined with the saturated soil, leads to a very low Bowen ratio over the  island 
significantly reduced sensible heat fluxes locally. Despite this cold land temperature, the surface zonal winds 
(Figure 4a) show that the circulation does not reverse toward the now warmer ocean anomalies, and convection 
remains aggregated. To investigate the mechanisms driving this equilibrium stage of our simulation, we analyze 
time-averaged, longitude-height plots of various physical quantities (Figure 6). Figure 6a again shows the global 
circulation that is keeping the convection aggregated together, that is, surface convergence toward the island center 
with strong upper tropospheric divergence away from the island. Figure 6b shows the vertical motions associated 
with convection, and Figures 6c and 6d show the aggregated moisture and cloud water content fields. Importantly, 
the surface convergence allows for an advection of high surface FMSE toward the convective cluster (Figure 6e), 
which has previously been shown to be an important process driving aggregation (e.g., Muller & Bony, 2015; Muller 
& Held, 2012).

Inspecting the horizontal virtual temperature anomalies in Figure 6f reveals that the near-surface negative temper-
ature anomalies in Figure 4c are confined to less than 500 m above the surface. Above this, there is still a temper-
ature 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 6h illustrates the strong gradients 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 6f and are responsible for driving the maintenance of the global circulation. 
This mechanism is the same as is discussed in previous studies (e.g., Wing et al., 2017). 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 vapor. 
However, the overall horizontal radiative heating anomaly pattern is driven by the longwave radiative feedbacks 
(Figure 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 mechanism drive aggregation in 
the equilibrium stages of our simulation (Figure 5). We therefore suggest that longwave feedbacks are important 
for maintaining the island-centered circulation and therefore maintaining the aggregation of convection over the 
island.

3.2. Mechanism Denial Tests: Can Land Aggregation Occur in the Absence of Horizontal Radiative Flux 
Anomalies?

In order to test our radiative heating hypothesis, we analyze the results from our mechanism 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 aggregation of convection. Figure 3a shows that homogenizing the shortwave 
fluxes has had little impact on the overall degree of aggregation, whereas homogenizing the longwave fluxes has 
decreased the degree of aggregation to the same as the NoLand-HomogLW experiment. If we inspect the first 
40 days of the simulations more closely (Figure 3b) then we can see that the CRH variance increases similarly 
in the first 7 days of each simulations with land, then it is after this that the degree of aggregation drops in the 
Land-HomogLW 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 an important feedback after this.

Additionally, in the domain-mean vertical profiles of temperature, relative humidity, and cloud frac-
tion (Figures  3c–3e), the Land-HomogSW simulation mirrors the Land-NoHomog simulation, and the 
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Figure 6. (a) Zonal winds, (b) Omega, (c) Relative humidity, (d) Cloud water content, (e) frozen moist static energy, (f) 
Virtual temperature anomaly, (g) Density anomaly, (h) Longwave radiative heating 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-NoHomog simulation. Island is located between longitudes ±40°, as indicated by thick black line. 
Anomalies are calculated from the horizontal mean.
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Land-HomogLW simulation mostly mirrors the NoLand-HomogLW simulation. 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 3b suggest that the circulation that is triggered in Figure 4 would also be triggered in the 
absence of longwave feedbacks, but that it is not being maintained, as we are seeing less impact of aggregation on 
the moisture distribution, domain-mean cloud fraction, and temperature. Indeed, if we study Hovmöller diagrams 
of the Land-HomogLW simulation (Figure 7) we can see that this appears to be true. The same circulation spin 
up can be seen by the land-sea thermal contrast in Figure 7c, and the subsequent gravity wave of subsidence in 
Figure 7d, however, without the convection triggering 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 7a). This wave also travels at roughly 30 m s −1, 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 alter-
nates between land-centered and ocean-centered and repeats periodically approximately every 15–25 days. At the 
points of strongest surface-level divergence away from the island (e.g., around day 20 in Figure 7a), the surface 
windspeeds over land increase, creating a warm, dry anomaly over the center of the island, above which there 
is clear-sky (Figure 7h). This point dries due to the increased windspeeds and the subsidence associated with 

Figure 7. Hovmöller 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, and (h) Outgoing longwave radiation, 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 horizontal mean.
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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. This wave-like motion 
across the atmosphere is illustrated in Movie S2 of OLR and CRH. These results were also tested for simulations 
which were started from the equilibrium aggregated state shown in Figure 1, and then had the longwave heating 
rates homogenized. The results for this were the same as in Figures 3 and 7, and can be seen in Figure S2 in 
Supporting Information S1.

From the precipitation, vertical pressure velocity, and OLR fields (Figures 7b, 7d, and 7h), convection is less 
organized 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-centered circu-
lation. Therefore, there is clearly another mechanism responsible for organizing 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 this we again consider longitude-height slices of the equilibrium circulation, in Figure 8. 
The surface zonal winds in Figure 7a showed that there was no longer a large-scale, land-centered circulation 
being maintained in the Land-HomogLW simulation. However, Figure 8a shows that there is still a large-scale 
overturning circulation, but it no longer extends to the surface. We now have land-centered 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 horizontal anomaly in Land-HomogLW is now between 7 and 
10 km, driven by the shortwave heating anomaly (Figure 8i). The driving feedback thus combines these results: 
island-based convection will have upper-tropospheric outflow, which must re-converge due to mass conserva-
tion. This convergence is toward 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 motion still 
impacts the zonal winds at higher altitudes with wave speeds superimposed on the background large-scale circu-
lation. This elevated large-scale circulation also means that the advected FMSE is of much lower energy, there-
fore acting as a negative feedback on aggregation in the Land-HomogLW simulation. Thus, these results indicate 
that 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).

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 
Hovmöller plots for these experiments are shown in Figure 9. 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, lead-
ing 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 vertical pressure velocity (ω) 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. 
Thus, the island is not causing an increase in the amount of convection, but simply determining the locations 
at which convection preferentially forms. In the largest island simulations, when there is very little convection 
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Figure 8. (a) Zonal winds, (b) Omega, (c) Relative humidity, (d) Cloud water content, (e) frozen moist static energy anomaly, 
(f) Virtual temperature anomaly, (g) Density anomaly, (h) Longwave radiative heating 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-HomogLW simulation. Island is located between longitudes ±40°, as indicated by thick black line. 
Anomalies are calculated from the horizontal mean.
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outside of the island area, this leads to a maximum cluster size of 𝐴𝐴 (10, 000𝑘𝑘𝑘𝑘) , 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 2,000 km. Yang (2018b) also 
found that a typical length-scale of self-aggregation is 𝐴𝐴 (2000𝑘𝑘𝑘𝑘) . Our results find a much larger size of convec-
tive 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 convection to aggregate, 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 & Randall, 2015; Khairoutdinov & Emanuel, 2018), 
is also 𝐴𝐴 (10, 000𝑘𝑘𝑘𝑘) , 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 idealized 
aggregation studies could have a large impact on the spatial scale of organization.

4. Discussion and Conclusions
Using the ICON GCM, we ran RCE experiments which included a large, continentally sized island to investigate 
how the inclusion of land affects the phenomenon of convective aggregation. 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 idealized island in these global RCE simulations causes the convection 
to aggregate persistently over the island. This aggregation takes approximately 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 self-aggregation has been shown to have before. This includes a domain-mean warming, free-tropospheric 

Figure 9. Hovmöller plots of (a–h) Surface zonal winds, (i–p) Near-surface temperature anomaly, (q–x) Outgoing longwave radiation, (y–Ff) Column relative humidity 
for 720 days radiative-convective equilibrium simulations with different land sizes. Land sizes increase from 10° (column 1) to 80° (column 8) in 10° increments. 
Anomalies are calculated from the horizontal mean.
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drying and a reduction in the high cloud amount comparatively to a non-aggregated simulation (e.g., Bretherton 
et al., 2005; Coppin & Bony, 2015; Cronin & Wing, 2017; Wing & Cronin, 2016). 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 temperature, 
much greater than the temperature increase seen in an aquaplanet self-aggregated simulation (Figure 3). This is 
due to a warmer cloud-base temperature in the land simulation, 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) occur because the soil on our island rapidly 
becomes saturated, as is typical for tropical rainforests (Nepstad et al., 1994; Schenk & Jackson, 2005), thus 
locking the simulation in 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 modeling framework of TRACMIP (Voigt et al., 2016), inclusion of an idealized 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 continent. Whilst originally seasonally driven, this anomaly develops into a persistent annual 
feature due to feedbacks between the cold SST, atmospheric humidity, and temperature (Biasutti 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.

We showed that the circulation is initially triggered by a strong land-sea thermal contrast at the surface, driving a 
sea-breeze circulation, which has been shown to have important impacts on convection and precipitation over trop-
ical islands, particularly in the Maritime Continent (Leutwyler & Hohenegger, 2021; Miller et al., 2003). In our 
simulations, the sea-breeze circulation triggers convection (Carbone et al., 2000; Crook, 2001; Kingsmill, 1995), 
first at the edge of the island before being triggered increasingly inland. This convection then incites a gravity 
wave, moving at approximately 30 m s −1 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 convection moistens 
locally, which forms large gradients in the CRH (Lane & Reeder, 2001). Once these atmospheric moisture gradi-
ents 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 hypotheses by horizontally homogenizing the longwave feedbacks. In contrast to the results 
above, these sensitivity tests showed that convection remains organized, with persistent convection over the 
island. However, convection forming over the ocean also happens more regularly than in our Land-NoHomog 
simulation. Additionally, surface convergence is no longer maintained. Instead, shortwave heating drives a 
mid-tropospheric virtual temperature anomaly which causes a large-scale thermally driven circulation, although 
one that is elevated above the boundary layer. In the absence of boundary layer convergence, the advection of 
FMSE is also reduced, which Muller and Bony (2015) found was essential for aggregation. Here, we see that 
convection can still be organized spatially, but without this upgradient advection, the organization no longer 
drives large-scale climatological changes. Due to this, we have concluded that there is an additional, different 
mechanism which is also crucial for the aggregation alongside the longwave feedbacks.

Finally, it is difficult to quantify whether the Land-HomogLW simulation is aggregated or not—it could be labe-
led as either based on how we choose to define aggregation. Is convective self-aggregation simply the geomet-
rical organization of convection, or is it the geometrical organization 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 organized with increased oceanic 
convection compared with the Land-NoHomog simulation. However, convection is still being consistently trig-
gered over the island in the absence of horizontal gradients in the longwave radiative fluxes and thus these fluxes 
cannot be the only necessary mechanism of organization. This mechanism should be further investigated in future 
studies to gain an improved understanding on the interactions between land and convective aggregation.

These results are of course subject to the idealizations 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 
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driven circulation? Cronin et  al.  (2015) found that the diurnal cycle-induced nocturnal surface cooling was 
insufficient to destabilize the deep overturning circulation, leading to a time-mean, island-centered circulation, 
although their study excluded the potential effects of soil moisture. We postulate that, given our land-surface 
remains cooler through our simulations once aggregated, and given the long timescales 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 paper 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 convec-
tive cluster always covering the entire island. For all experiments, convection covers roughly 25% of the globe, 
however with increasing island size, this convection is increasingly centered on the island. This means that, 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 clustering in a global domain, something that has been a recent topic of interest 
(Arnold & Putman, 2018; Beucler & Cronin, 2019; Yang, 2018b). We highlight that the modeling design used in 
this study could be useful in investigating the spatial scale of aggregation. We therefore encourage future work to 
develop of a theoretical understanding of the scale of aggregation, especially in more complex atmospheres  than 
standard RCE.

We present this paper as an investigation of the impacts land-sea contrasts have on convective aggregation in 
a global configuration, and provide it as a useful addition to the growing literature on connecting idealized 
aggregation studies to the manifestation of real world convective organization (e.g., Arnold & Randall, 2015; 
Becker & Wing, 2020; Beucler et al., 2020; Bony et al., 2020; Hohenegger & Stevens, 2016, 2018; Müller & 
Hohenegger, 2020; Muller & Romps, 2018; Shamekh et  al., 2020a; Tompkins, 2001a). We have shown that, 
whilst the shape and scale of aggregation change when a continentally sized island is included in an idealized 
RCE world, many of the features of aggregation remain the same, including its effects on the large-scale environ-
ment. There are also similarities between the mechanisms of more idealized self-aggregation, and aggregation 
in the presence of a land-sea contrast. However, there are crucial differences in the mechanisms, which should 
be further explored. It can be difficult to draw conclusions on how results shown in this and other similar papers 
might be manifested in the real world, due to the experiment's highly idealized configuration. To that end, there 
are many extensions to this paper that we feel will help to further elucidate the relationship between idealized 
aggregation and it's real world manifestations, including investigating the effects of the diurnal cycle, SST gradi-
ents and rotation on the results presented here.

Appendix A: 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 parameters instead of tropical rainforest ones. Typically, 
rainforests are characterized by greater evapotranspiration and roughness lengths and a lower albedo than other 
vegetation types (Shuttleworth, 1989). As shown in the results above, surface fluxes can have a large impact 
on convective 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 3 days of the simu-
lations 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 1.

The results found in the main body of the paper mostly hold when the vegetation was changed to grass. Figure A1 
shows the same fields as in Figure 4, but for our grass experiment. It is clear that, after the first 2 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 A2). The main differences between 
the two experiments lies in the first 2 days of the 2 m temperature, the Bowen ratio, and thus the relative surface 
flux contribution from latent and sensible heat. Whilst 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 

 19422466, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022M

S003249 by T
est, W

iley O
nline L

ibrary on [10/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Advances in Modeling Earth Systems

DINGLEY ET AL.

10.1029/2022MS003249

18 of 22

anomaly is of a similar magnitude. This implies that, instead of the sensible heat fluxes initially driving the aggre-
gation, 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 A2. Figure A2a 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 A2b 
confirms that it is the latent heat fluxes driving this surface flux feedback. Figure A1h shows that the NetSW 
anomaly is greater in the earliest few days than in the rainforest experiment (Figure 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.

Figure A1. Hovmöller 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, and (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.
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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 and rainforest simulations. After this initial period, the longwave feedbacks become 
the strongest feedback.

Data Availability Statement
All data is freely available in NetCDF format online in the CEDA archive at http://dx.doi.
org/10.5285/3c42e6131ae44b9793648065dc4162b4.
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