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Abstract The phenomenon of self-aggregation of convection was first identified in
convection-permitting simulations of radiative convective equilibrium, characterized by homogeneous
boundary conditions and in the absence of planetary rotation. In this study, we expose self-aggregation of
convection to more complex, nonhomogeneous boundary conditions and investigate its interaction with
convective aggregation, as forced by large-scale variations in sea surface temperatures (SSTs). We do this by
conducting radiative convective equilibrium simulations on a spherical domain, with SST patterns that are
zonally homogeneous but meridionally varying. Due to the meridional contrast in SST, a convergence line
first forms, mimicking the Intertropical Convergence Zone. We nevertheless find that the convergence line
breaks up and contracts zonally as a result of the self-aggregation of convection. The contraction is
significant, being here more than 50% of the original extent. The stability of the convergence line is
controlled by the strength of the meridional circulation, which depends upon the imposed SST contrast.
However, the process of self-aggregation, once it is initiated, is insensitive to the strength of the SST
contrast. The zonal contraction is accompanied by a slight meridional expansion and a moistening of the
high latitudes, where SSTs are low. The moistening of the high latitudes can be understood from the fact
that the convective cluster intensifies and expands its moist meridional low-level outflow when it
self-aggregates zonally. Overall, our results suggest that the Intertropical Convergence Zone may be
unstable to the self-aggregation of convection, that self-aggregation may serve as a precursor to the
formation of atmospheric rivers, and that longer convergence lines are more likely to exist in regimes with
strong SST gradients.

Plain Language Summary Storm clouds over the tropical oceans are found to organize in large
systems. They tend to form where the temperatures of the sea surface (SSTs) are highest and that is most
often along the equator. With idealized computer model experiments we investigate how different sea
surface temperature patterns, along with the natural tendency of clouds to aggregate, control the properties
of the storm cloud system. We find that a contrast in SSTs immediately acts to organize the storm clouds.
In our simulations, this means the formation of a long line of clouds, oriented along the equator. With time
however, this line breaks up and then contracts just by itself. Here we find that the spatial difference in SSTs
controls the stability of the cloud system against the break up and contraction: The stronger the difference
in SST, the more stable is the line of clouds. Also we find that the storm clouds export moisture only in one
direction: from the equator to the higher latitudes.

1. Introduction

Convective aggregation, meaning the clustering of convective clouds, is a key element of tropical dynamics.
It manifests itself in phenomena like the Intertropical Convergence Zone (ITCZ) and the Madden-Julian
Oscillation and also plays a role in tropical cyclogenesis. Convection-permitting numerical modeling stud-
ies of radiative convective equilibrium (RCE) have shown that convective aggregation also occurs when
boundary conditions and forcing, which are sea surface temperatures (SSTs) and insolation, are horizon-
tally homogeneous and in the absence of rotation. It is then referred to as self-aggregation of convection
(Bretherton et al., 2005).

The mechanisms leading to and maintaining self-aggregation of convection are diverse and may be sum-
marized as the interaction of convection, moisture, radiation, and circulation (Wing et al., 2017): Longwave
radiative cooling is stronger in areas with clear sky or in areas populated by shallow convection than in areas
populated by deep convection. Through the resulting differential radiative cooling in the planetary boundary
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layer, a shallow overturning circulation can form, which imports moist static energy up-gradient from the
dry to the moist convecting region and leads to the self-aggregation of convection (Muller & Held, 2012;
Muller & Bony, 2015). Further positive feedbacks that can promote self-aggregation include interactions
between convection and surface fluxes (Tompkins & Craig, 1998; Wing & Emanuel, 2014), a coarsening of
the moisture field (Craig & Mack, 2013; Tompkins, 2001), entrainment (Becker et al., 2017; Tompkins &
Semie, 2017) and virtual effects of water vapor (Yang, 2018). However, the occurrence of self-aggregation and
mechanisms at play appear to be sensitive to model properties, such as the grid spacing, domain size, and rep-
resentation of convection (Muller & Held, 2012). To this end, the Radiative Convective Equilibrium Model
Intercomparison Project (Wing et al., 2018) sets a standard for simulations of RCE and in doing so aims to
clarify the mechanisms of self-aggregation of convection. Other interesting properties of self-aggregation of
convection include its sensitivity to SST (Held et al., 1993; Wing & Emanuel, 2014), its potential effect on
equilibrium climate sensitivity (I7is effect; Mauritsen & Stevens, 2015), and its impact on the stabilization of
the climate (Bretherton et al., 2005; Hohenegger & Stevens, 2016).

The potential importance of the self-aggregation of convection for climate, at least in idealized studies,
has motivated one of the guiding questions of the World Climate Research Programme Grand Challenge
Initiative on Clouds, Circulation and Climate Sensitivity (Bony et al., 2015); that is, “what role does con-
vective aggregation play in climate?” The RCE modeling framework nevertheless remains highly idealized,
and findings might not be relevant to the real atmosphere, as stressed in Mapes (2016). External forcing
such as spatially varying SSTs, large-scale low-level convergence of trade winds (Back & Bretherton, 2009;
Bretherton & Sobel, 2002; Lindzen & Nigam, 1987), and wind shear (Rotunno et al., 1988), which are not
considered in the RCE framework, are known to promote the organization of convection in the tropics and
may mask the effects of self-aggregation. Consequently, observational evidence of self-aggregation of con-
vection or of its expected effects on climate has been sought (Beucler et al., 2019; Holloway et al., 2017; Tobin
etal., 2012), but the importance of self-aggregation of convection in the presence of external forcing remains
unclear.

In this paper we add one step of complexity to the RCE framework and investigate how self-aggregation of
convection is affected by the presence of an external forcing in the form of spatially varying SSTs. To that aim,
we impose a large-scale SST pattern that only varies in the meridional direction and that is symmetric across
the equator. On the one hand we expect the SST contrast to spin up a shallow circulation in the meridional
direction, leading to the formation of a convergence line along the equator. On the other hand, in the zonal
direction, where SSTs are homogeneous, self-aggregation and its accompanying shallow circulation may
develop and act on the convergence line and on the SST-driven circulation.

With our experimental design we simulate tropical convection that is organized by both self-aggregation
physics and SST patterns. The two processes act on different time scales and generate their own circula-
tions that will interact and compete in determining the final spatial distribution of convection. Depending
on the strength of the underlying circulations, one or the other, or a combination of both, may win. Such
a competition between the self-aggregation of convection and its associated underlying circulation and an
externally forced circulation was recently documented in Hohenegger and Stevens (2018) in the context of a
self-aggregation study conducted over a land planet where the externally forced circulation resulted from soil
moisture gradients. As such, our study will determine whether the spatial distribution of convection is deter-
mined by the aggregation of convection forced by the spatially varying SSTs and/or by the self-aggregation of
convection, by focusing on an analysis of the flow field. Moreover, we will investigate how the interactions
between the various circulations affect the spatial distribution of moisture.

In general, our study bridges the gap between traditional RCE studies and beta plane (Bretherton &
Khairoutdinov, 2015; Nolan et al., 2010) and aqua-planet experiments (Neale & Hoskins, 2000b). Relevant
related modeling approaches employing spatially nonuniform but prescribed boundary conditions are found
in Raymond (1994), Grabowski (2001), and Tompkins (2001a). Furthermore, simulations of RCE on domains
with a channel geometry (e.g. Posselt et al., 2012; Wing & Cronin, 2016) are of particular interest to this
study. These simulations show a flatter and more realistic moisture distribution (Wing & Cronin, 2016).

Eventually, this study's simulations suggest a link of convective aggregation with the formation of atmo-
spheric rivers. Atmospheric rivers are narrow, elongated, synoptic-scale streams, rich with water vapor
(Gimeno et al., 2014; Newell et al., 1992). They account for the major fraction of the meridional global
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latitude [°] moisture transport (Zhu & Newell, 1998) and are associated with severe
—60 —30 0 30 60 precipitation events (Eiras-Barca et al., 2018; Lavers et al., 2012; Ralph
30 5

etal., 2010). Atmospheric rivers have been studied in observations (Ralph

SST [° (]

et al., 2004), reanalysis data (Guan & Waliser, 2015), and numerical
experiments (Jankov et al., 2009; Swenson et al., 2018).

The paper is organized as follows. In section 2 we introduce the numer-
ical model and the SST patterns used for our set of four simulations. In
section 3 we first describe the convective evolution (section 3.1). Second,
we quantify and investigate the effect of spatially varying SSTs on the
self-aggregation of convection (section 3.2) by looking into moisture vari-
ance, circulation, and cloud cluster geometry. Although the aggregation
of convection is confined within the tropics, it has unique implications

qobs
midqgobs
flatqobs

27uni

~1000  —500

meridional [km]

Figure 1. Zonally symmetric SST profiles characterizing the four

simulations.

for the moisture budget of the high latitudes in comparison to traditional
RCE or aqua-planet simulations. This unique feature will be examined
and explained in section 3.3 by analyzing the moisture import and export
of the cloud cluster. Finally, conclusions are presented in section 4.

0 500 1000

2. Methods

We use an idealized numerical model of the tropical atmosphere, the

ICON-Spherical Limited Area Model (Miiller, 2019; Miiller et al., 2018).
The model is based upon the atmospheric component of the ICOsahedral Non-hydrostatic atmosphere
model, ICON-A (Giorgetta et al., 2018).

In this model setup we use a spherical domain with a radius 1/8 of that of the Earth, resulting in a circumfer-
ence of 5,004 km. The horizontal grid spacing is 2.5 km and thus may be classified as convection permitting
(Prein et al., 2015). The vertical grid has 75 levels and a model top at 30 km. It is stretched with grid spac-
ings ranging from 65m, between the lowest levels, to about 500 m at 15 km. A Rayleigh damping layer
(Klemp et al., 2008) acts above 25 km to prevent wave reflection. The simulations are integrated and analyzed
for a period of 120 days. Given the employed horizontal grid spacing, the convection scheme, the subgrid
cloud cover scheme, and the gravity wave drags are turned off. The remaining physical parameterizations
(radiation, microphysics, and diffusion) are as in Giorgetta et al. (2018).

Following the setup of past RCE experiments, we use a water-covered surface, there is no rotation, and the
insolation is spatially uniform. Following Popke et al. (2013), the insolation varies diurnally and is on average
340.2 W/m?. The SST is prescribed as the bottom boundary condition and is invariant in time. Temperature
and pressure fields are initialized following Jablonowski and Williamson (2006), but with the winds set to
zero. Also, humidity is set to be spatially uniform over the domain, with an exponentially decaying vertical
profile and a water vapor path of 25 mm. For the initialization humidity and temperature are slightly altered
with random white noise added at the lowest model levels.

To investigate the effect of spatially varying SSTs on the self-aggregation of convection, we conduct four
different sensitivity experiments with SST profiles as shown in Figure 1. One simulation (27 uni) has uniform
SSTs of 27 ° C, mimicking a typical three-dimensional model of RCE (Bretherton et al., 2005). The other
three experiments use SST profiles that are zonally symmetric but meridionally varying and are described
by equation (1). The profiles are the “qobs”-SST profile, as originally defined by Neale & Hoskins (2000a,
2000b) for the aqua-planet experimental protocol and variations thereof: “midqobs” and “flatqobs.” All SST
profiles have a maximum SST, SST™, of 27 ° C at the equator and decrease to a minimum SST, SST™" of
0° C (qobs), 6.25 ° C (midqobs), and 13.5 ° C (flatqobs) for latitudes poleward of 60°. Per construction, the
three SST profiles only differ in their meridional contrast (SST™-SST™") with values of 27, 20.75, and 13.5
°C for qobs, midqobs, and flatqobs, respectively. Hence, in the remainder of the text, the term SST contrast
is used to refer to these experiments and to the effects of spatially varying SSTs on the self-aggregation of
convection. Changing the SST contrast is expected to alter the strength of the SST-forced circulation, thus
affecting the strength of the external forcing on convection and the likelihood for self-aggregation to develop.
Note that, even though we use the qobs profile as traditionally employed in aqua-planet experiments, the use
of a smaller planet radius implies a much stronger SST gradient in our simulation. Bechtold et al. (2013) also
used the qobs profile in their small planet experiment but nevertheless obtained a similar latitudinal ITCZ
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Figure 2. Daily means of vertically integrated cloud condensate [mm] (white to pink contours), water vapor path [mm] (shading) and surface flow (red arrows).

width as in their full aqua-planet experiment (see their Figure 3). In addition and as indicated in section
1, the relevant parameter is the strength of the underlying circulation spun up by the SST contrasts. With
zonal average values of about 4 to 6 m/s close to the equator (see, e.g., Figure 2), the values are similar and
if anything rather smaller than the values obtained in traditional aqua-planet experiments (see e.g. Figure 3
in Mobis & Stevens, 2012).
.3 .03
ST (¢) = { ST 4 (SST™ — SST) A, £ < g <t )
SST™",  ifgp < —§ V> %

3. Results

3.1. Overview of the Convective Evolution

In Figure 2 we introduce the convective evolution in the four simulations, as illustrated by the cloud water
path, the water vapor path (prw), and by the surface flow.

The experiment 27 uni, characterized by uniform SSTs, shows the typical evolution of past convection-
permitting three-dimensional simulations of RCE conducted in a square domain: At first, individual con-
vective clouds appear randomly distributed. With time the clouds merge and form larger-scale convective
systems. Ultimately, a single approximately circular convective cloud cluster remains, within an area of high
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30

moisture content and surrounded by a dry nonconvecting region. The
low-level branch of the deep overturning circulation is at all times
directed from the dry to the moist regions, with ascent in moist convec-
— qobs tion, and outflow at the top of the deep convection. The outflow spreads

midqobs toward and subsides in the dry region maintaining a strong capping inver-
—— flatqobs . . . .

2; s sion. The resulting strong drying prevents the development of clouds in
I unt

the subsiding region as observed in past RCE simulations. The simulation
reaches its RCE after about 60 days (see, e.g., Figure 2).

time [days]

Figure 3. Temporal evolution of the daily mean and domain-mean water

In contrast, the three simulations with spatially varying SSTs first form
a continuous convergence line (see Day 20), which is located along the
equator where SSTs peak. The distribution of clouds and precipitation in

vapor path (prw; mm). Dashed lines denote the averages for the the tropics are reminiscent of their distribution in traditional aqua-planet
quasi-equilibrium period Py, and for the equilibrium period Peqy;; see experiments that use a zonally varying insolation and rotation (see, e.g.,
Table 1 for the definition of the time periods. Mobis & Stevens, 2012). Also, the strength of the meridional overturning

circulation is comparable to the one in aqua-planet experiments (Miiller,
2019). The low-level flow is purely meridional and directed equatorward, thereby constraining the occur-
rence of convection to the convergence line along the equator. Elsewhere, the atmosphere is cloud-free and
dry, both due to the absence of low-level convergence, low SSTs, and radiative cooling of the lowest model
levels.

However, at the latest by Day 60, the overall flow pattern and the geometry of the convergence line change.
The convergence line does not span the equator anymore. This happens as the convergence line breaks up
and contracts in the zonal direction. In agreement with these changes, the surface circulation develops a
zonal component. Still, clouds and precipitation remain confined to the equatorial region.

Given this evolution, we identify the initial formation of the convergence line as the aggregation of convec-
tion forced by the SST contrast and will refer to it simply as forced aggregation of convection in the remaining
text. In contrast, we identify the breakup and the contraction of the convergence line in the zonal direction
as self-aggregation of convection, since it happens above zonally homogeneous SSTs. Finally, we will use the
term convective aggregation as a generic term without specific reference to forced aggregation of convection
or to self-aggregation of convection. We will quantify and investigate in detail the interplay between forced
aggregation of convection and self-aggregation of convection in section 3.2.

Figure 3 shows the temporal evolution of the domain-mean water vapor path given its tight relationship
to convection, precipitation, and self-aggregation. All simulations are initialized with the same thermody-
namic profiles and a horizontally homogeneous moisture distribution that results in a water vapor path of
25mm. As expected from past RCE studies, the self-aggregation of convection in 27 uni leads to a drying
of the atmosphere until Day 40. Once one convective cluster has formed (on Day 50), the water vapor path
increases again until it reaches its equilibrium value. Although the experiments with SST contrasts exhibit a
similar evolution of the water vapor path, the causes are different. In those experiments, the initial drying is
associated with the forced aggregation of convection, whereas the subsequent moistening is the result of the
self-aggregation of convection. In that context, a unique feature of the three simulations with SST contrasts,
which has not been observed in traditional RCE experiments, is the moistening of the high-latitude areas
(see Figure 2). This moistening is not symmetric around the cloud cluster, as in 27 uni, but predominantly
in the meridional direction. Given this unique character, the influence of forced aggregation of convection
and self-aggregation of convection on the moisture evolution will be investigated in detail in section 3.3.

3.2. Convective Aggregation in the Tropics

From the convective evolution described previously, it became evident that in all the simulations the con-
vective clouds aggregate to form a single large-scale cloud cluster, which in its equilibrium state does not
span the full equator in the simulations with SST contrasts. We analyze this behavior in this section in detail,
first by looking into measures of convective aggregation and then by explaining this behavior based on the
competition between the circulation forced by the spatially varying SST and the circulation associated with
the self-aggregation. Finally, we quantify the effects of forced aggregation and self-aggregation on the cluster
geometry.
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Figure 4. Temporal evolution of the interquartile range (IQR) of the daily mean of the (a) meridional mean
(IQRPTW™"%)) and (b) zonal mean (IQRPIW-*")) of the water vapor path (mm).

3.2.1. Quantification of Aggregation Through Moisture Variance

A common measure of self-aggregation of convection is the spatial variance of the water vapor path (e.g.,
Holloway & Woolnough, 2016; Muller & Held, 2012). We use here the interquartile range (IQR), which is the
75th minus the 25th percentile of the distribution. The self-aggregation of convection typically reveals itself
by high moisture variance due to the formation of a single cloud cluster located within a moist region in an
otherwise extremely dry and nonconvecting domain. The associated overturning circulation promotes both
the moistening of the cluster and the drying of the nonconvecting region through large-scale subsidence.
However, we aim here to isolate two distinct types of convective aggregation, namely, forced aggregation and
self-aggregation. To isolate these two types of aggregation, we assume that forced aggregation dominates in
the meridional direction due to the presence of the SST contrasts, whereas self-aggregation dominates in
the zonal direction where the SST is spatially uniform. We thus slightly adapt the IQR measure by applying
it selectively to the zonal mean of the water path and to the meridional mean of the water path.

In Figure 4a the IQR of the meridional mean of the water vapor path, denoted as IQR(ITwmerid), is shown.

It is computed by taking the meridional average of the daily mean values of the water vapor path, before
computing their IQR as a function of longitude. IQR(Prw ") is a measure of zonal self-aggregation of con-
vection exclusively. For as long as the convergence line is continuous, this variance remains small (<3 mm).
However, as soon as the convergence line breaks up, the measure of zonal self-aggregation increases rapidly.
This happens after about 20 days for flatqobs and after about 60 days for qobs. For midqobs we note that the
slight increase of IQR(prwmend) at day 40 results from the convergence line first breaking at two locations.

The two clusters then merge again, before starting to zonally contract around Day 60.

Figure 4 shows clearly that the imposed SST contrast controls the onset of self-aggregation. Even though
some randomness in the actual onset time of self-aggregation can be expected, Figure 4 displays a system-
atic relationship between the SST contrast and the onset of self-aggregation: The larger the SST contrast is,
the longer it takes for the convergence line to break up and for self-aggregation to occur. However, after
self-aggregation has begun, its pace, measured by the rate of change with time of IQR(;Twmend), is equal
for the three SST contrast experiments. This can be seen by the three curves in Figure 4a being parallel
once self-aggregation has set in. This means that the strength of the SST contrast controls the stability of
the convergence line but has little effect on the pace of self-aggregation. This makes sense as all the three
simulations exhibit similar SSTs along the equator where self-aggregation takes place.

In Figure 4b the IQR of the zonal mean of the water vapor path, denoted IQR(prw""""), is shown. It is a mea-

sure of meridionally forced aggregation of convection only. Here, the SST contrast immediately forces the
meridional aggregation and leads to an increase in IQR in agreement with the formation of the convergence
line. Just before the convergence line begins to break up, the meridional aggregation peaks. Remarkably,
IQR(prwmnal) drops significantly thereafter. In section 3.3, we will demonstrate that this is a consequence
of moisture export to higher latitudes by the aggregated cluster.

Based on these considerations and to help further the analysis of the simulations in sections 3.2.2, 3.2.3,
and 3.3, we define three characteristic periods in the evolution of the convective system: Py, Pirans> @0d
Pequi- Pquasi Tefers to the quasi-stable state of the system as controlled by forced aggregation, when the con-

vergence line spans the equator. P, is a purely transient state during which the convergence line contracts
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Table 1

Summary of Various Properties (Temporal Mean + Standard Deviation) of the Simulations and of Their Cloud Clusters, for the Characteristic Periods P

SST contrast experiments

midqobs

flatqobs

27 uni

Type of period [start day, end day]
Cluster zonal extent [km]|

Cluster meridional extent [km]|
Cluster circumference [km]
Cluster area fraction [—]
Aimp/Aexp [_]

prw [mm]

pr [mm/day]

Tuggel [m/s]

Vegel [m/s]

wdspgf. [m/s]

Pquasi [21’ 40]

Pequi [81, 120]

Pquasi [21’ 40]

Pequi [81, 120]

Pquasi [11’ 20]

Pequi [81, 120]

Pequi [71, 120]

5,002 +9 2,307 + 198 4,996 + 20 2,114 + 363 4,672 + 300 1,697 + 271 =
348 + 28 441 + 46 335+ 29 522 + 80 375+ 31 642 + 62 =
11,463 + 159 5,788 + 457 11,502 + 227 5,659 + 706 11,967 + 1384 4,342 + 610 6,365 + 995
0.12 + 0.008 0.07 £ 0.005 0.12 + 0.004 0.07 £ 0.010 0.11 + 0.018 0.07 £ 0.008 0.20 + 0.046
31+03 31+04 34+04 3.0+0.5 4.8 +£1.0 3.2+06 46+13
122 +0.3 141+ 0.4 12.1+0.2 15.0 £0.5 144+ 1.6 16.4 + 0.7 21.8+0.9
2.7+0.2 31+0.2 2.7+0.2 31+03 2.9+0.5 31+04 3.2+0.6
0.53 +0.06 1.65 + 0.15 0.54 + 0.06 1.63 £ 0.16 0.54 + 0.06 1.66 + 0.11 =
3.37 £ 0.08 2.94 +0.11 3.07 £0.12 2.64 +0.13 2.58 +£0.18 2.28 +0.14 =
3.41 + 0.08 3.38 £ 0.10 3.11+0.12 3.11 + 0.15 2.64 +0.17 2.82 +£0.15 2.1+0.29

Note. The quasi-equilibrium period Peg,; before self-aggregation sets in, the transient period Py, during self-aggregation, and the equilibrium period Peg;; see
text for more details on the definition. Ay, /Aey, (-) is the ratio of the clusters’ importing to exporting integrated moisture flux, prw (mm) the domain-mean
water vapor path, pr (mm/day) the domain-mean precipitation flux, and wdspg, the domain-mean surface wind speed, whereas @ and m (m/s) are the
domain means of the absolute magnitude of the zonal and meridional wind components.

zonally through the action of self-aggregation. Finally, P,y is the equilibrium state. The three distinct peri-
ods are derived visually from the distribution of clouds, like shown in Figure 2 and from Figure 4. More
specifically, Py, terminates at the onset of self-aggregation. For qobs and midqobs periods of 20 days
were identified. Considering the fact that for flatqobs self-aggregation sets in so early, we defined Py, for
a shorter period of only 10 days. Also note that some of the investigated variables, particularly prw and
IQR(Twmerid), are already changing during those 10 days. P,,,,. is given by the onset time and completion
of self-aggregation. For Pg;, we chose the last 40 days for SST contrast experiments and the last 50 days for
27 uni. The days making up the different periods are indicated in Table 1.

3.2.2. Analysis of the Circulations

To understand the previously described interactions between forced aggregation and self-aggregation of con-
vection, we look into the associated meridional and zonal overturning circulations and focus on their surface

components.

On the one hand, from previous RCE studies (e.g., Coppin & Bony, 2015) and as found in 27 uni, we know
that the self-aggregation of convection is associated with a circulation whose low-level branch is directed
from the nonconvective to the convective regions. In our SST contrast simulations, such a circulation would
first manifest itself in the zonal direction with an expected zonal wind velocity component directed toward
the convective cluster at the surface. On the other hand, differential surface heating, as here induced by the
spatial SST variations, can also spin up a circulation. Here the surface component of the circulation should
be directed from the region of low SST to the region of high SST (Back & Bretherton, 2009; Lindzen & Nigam,
1987). In our simulations, such a circulation would predominantly manifest itselfin the meridional direction
with a strength depending upon the imposed SST contrast and a meridional wind velocity component at
the surface directed from the high latitude toward the equator. In the following paragraphs we diagnose the
strength of these two circulations and their interactions.

In Figure 5, the day and domain means of the absolute magnitude of the zonal and meridional wind compo-
nents at the surface, @ and m, are shown. Note that we here take the absolute magnitude first, before
computing the temporal and spatial means, so that the circulations north and south and east and west of
the cluster do not cancel out.

For as long as the convergence line spans the equator, the magnitude of @ is only around 0.5m/s. It
represents the signature of cold pools and confirms that the circulation is indeed predominantly oriented
in the meridional direction in agreement with the meridional SST contrast (see also Figure 2). However, as
soon as zonal self-aggregation sets in, a zonal circulation emerges and manifests itself by an increase of |u,|.
Importantly, the rate of change of lug.| is similar for the different SST contrasts. This is reminiscent and

sfc
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Figure 5. Temporal evolution of the daily mean and domain mean of the absolute value of the (a) zonal (|ug|) and
(b) meridional (|vgs |) wind components. Dashed lines denote the averages for the periods Pgy,g and Pegy;-

consistent with the similar pace of self-aggregation in the evolution of IQR(p_rwmerid) (see Figure 4) where

the rate of change was also about the same for all three SST profiles. Eventually, for all three SST contrast
experiments, the strength of the zonal circulation, as estimated from the mean of |ug,| in the equilibrium
state, is also about equal and fluctuates around a value of 1.6 m/s (see Table 1). These similarities can be
explained by the fact that in the equatorial range, where the cloud cluster resides, all the simulations exhibit
an SST of 27 ° C (see Figure 1). These considerations also confirm that |ug,| seems to be a good proxy for
the circulation associated with the self-aggregation of convection.

The meridional circulation, as quantified by |vg.|, develops immediately after initialization, as a result of
the imposed SST contrast (Figure 5b). As expected, a stronger meridional SST contrast is associated with a
stronger meridional low-level flow. The values for Py are 3.37,3.07, and 2.58 m/s in qobs, midqobs, and
flatqobs. Even though the differences are small, in particular between qobs and midqobs, and the time series
are noisy, the differences are still larger than one standard deviation. The differences may thus be seen as
caused by the difference in their SST contrast rather than being a statistical artifact. Moreover, as |ug,| is
independent of the SST contrast, whereas |v; | increases with SST contrast, this analysis also explains the

delayed onset of self-aggregation under stronger SST contrasts.

Finally, Figure 5b reveals that, for the equilibrium period Py, the meridional circulation is weakened. This
is because the meridional circulation turns into zonal inflow at the zonal flanks of the clusters under the
action of the circulation associated with the self-aggregation of convection (see Figure 2). The slow down

amounts to about 13% (see Table 1).

Figure 6. The schematic shows the estimation of a cloud cluster's geometrical properties, here for flatqobs at Day 60
and as used in Table 1 and Figure 7. The cluster is defined by a daily mean water vapor path exceeding 30 mm. The
zonal and meridional extents are measured by the distances (km) in between maximum and minimum longitudes and
latitudes, respectively. The circumference is given by the sum of the lengths of grid cell interfaces between the cloud
cluster and its environment. The area fraction is the sum of the areas of grid cells within the cluster divided by the
domain area. The zonal and meridional moisture fluxes (see section 3.3) are integrated along the zonal (red lines) and
meridional (blue lines) extent. If more than one cluster is present, then the statistics are added.
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Figure 7. Temporal evolution of the geometrical properties of the cloud clusters: zonal (red) and meridional (blue) extent (km), circumference (green; km),
area fraction (purple; —) and number of cloud clusters (dots; —) for (a) qobs, (b) midqobs, (c) flatqobs, and (d) 27 uni. Dashed lines denote the averages for the

periods Py, and Pegy;.

3.2.3. Aggregation Effects on the Cloud Cluster Geometry
As a final step in this section, we investigate the geometrical properties of the cloud clusters and in doing so
learn about the impact of the SST contrast and of self-aggregation on the cluster geometry.

Methodologically, a grid cell is identified as part of a cloud cluster when its daily-mean water vapor path
exceeds 30 mm. We found that this measure suits our purpose best, because the water vapor path is, on
the one hand, a tracer of deep moist convection and, on the other hand, not too sensitive to the natural
random variability of convection. It is thus smooth enough to obtain geometric properties of the cluster that
are not split into many small individual clusters. The schematic in Figure 6 illustrates how the geometrical
properties of a cloud cluster are estimated in more detail. In Figure 7 the zonal and meridional extents,
the circumference, the fraction of area covered by cloud clusters, and the number of clusters are shown. In
Table 1 the mean value and standard deviation of these properties are summarized for the quasi-equilibrium

Pyuasi and equilibrium P,g; periods of the simulations.

Figure 7 confirms our previous diagnostics. In 27 uni a large number of single clouds quickly develop, before
merging and reducing to one cluster. The number of convective clusters, as well as their circumferences,
decrease rapidly during the transient state of self-aggregation. In the three simulations with SST contrasts,
we can see the breakup of the convergence line in the measure of the zonal extent. At first, it equals the
domain circumference of 5,004 km, indicating that the cluster spans the entire equator. The decrease in
zonal extent results from the zonal self-aggregation. The final average zonal extents of the cloud clusters
in their equilibrium state Peqy are 2,314 2,114, and 1702 km for qobs, midqobs, and flatqobs, respectively
(see Table 1). This indicates that stronger meridional SST forcing is associated with larger zonal extent. The
reduction of the zonal extent by the self-aggregation of convection appears significant, and amounts to 54%
in qobs, 58% in midqobs, and 66% in flatqobs between the quasi-equilibrium and equilibrium states. Also,
the differences between the simulations or between the two time periods are always larger than internal vari-
ability as measured by one standard deviation (see Table 1). Finally, we recognize in Figure 7 the dependency
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of the onset times of zonal self-aggregation on the strength of the SST con-
trast: the stronger the SST contrast is, the later the zonal extent decreases
due to self-aggregation.

—— qobs As the zonal extent decreases, the meridional extent increases. The
midqobs changes are smaller than in the zonal direction: before zonal self-
—— flatqobs

aggregation the meridional extent measures about 350 km for all simula-
tions, whereas thereafter, it has expanded to 441 km for qobs, 522 km for
midqobs, and 642 km for flatqobs. This means that the weaker the merid-
ional SST forcing, the larger the meridional extent of the cloud cluster.

0 20 40 60

time [days]

Figure 8. Temporal evolution of the daily mean of the water vapor path,
averaged over regions poleward of +45° latitude. Dashed lines denote the

80 100 120 The differences between the simulations in the P, ; state are not negligi-

ble, as they are larger than one standard deviation; however, they cannot

be distinguished from internal variability during Py, (see Table 1).

averages for the periods Py, and Peqyi- All these results can be understood by the following considerations. It

seems that for each time period, being the quasi-equilibrium state or the

equilibrium state, the cluster area fraction does not depend upon the SST
contrast, except in the case of uniform SST (see Table 1). The area fraction amounts to 0.12 for P, in all
three simulations with SST contrasts and 0.07 for P;. As the zonal extent does indirectly depend upon the
underlying SST contrast in P, the meridional extent has to compensate for the differences in the zonal
extent between the simulations, so as to keep the cluster area fraction constant. It remains unclear why the
cluster area fraction does not vary with the SST contrast. This may be related to the identical precipitation
amounts, as it is known that convective area fraction tends to scale with precipitation (Davis et al., 2013;
Doneaud et al., 1984). However, the precipitation amounts are also similar between the SST contrast exper-
iments and 27 uni, despite different area fraction. Another explanation may be that convection remains
confined to the same SST band in the SST contrast experiments. In fact, the average meridional extents of the
cloud clusters during the equilibrium period, 441 km for qobs, 522 km for midqobs, and 642 km for flatqobs,
all correspond to the band around the equator with SSTs greater than about 24.1 ° C. In other words the
convection does not occur above SST colder than 24.1 ° C.

3.3. High-Latitude Moisture Budget

The interactions between forced aggregation and self-aggregation are mostly visible in the tropics. The alter-
ation of the flow pattern by the self-aggregation of convection nevertheless has consequences for the spatial
distribution of moisture, even in the high latitudes. The moistening of the high latitudes noted in section 3.1
and Figure 2 is a unique feature of our simulations and is thus investigated in more detail in this section. To
understand this behavior, as in the previous section, we look at the underlying circulations. Here we mostly
focus on their vertical characteristics as well as on the associated moisture transport into and out of the
cloud cluster.

Figure 8 first shows the temporal evolution of the water vapor path, like in Figure 3, but only for the regions
poleward of +£45°. It is evident that the high latitudes first dry drastically, when the convergence zone along
the equator forms, and regain moisture when self-aggregation of convection sets in. This was observed in the
convective evolution (section 3.1) and anticipated from the meridional aggregation (section 3.2; Figure 4b).
The moistening in the SST contrast experiments is not symmetric around the cluster, as in 27 uni, but occurs
predominantly in the meridional direction.

In Figures 9a-9c, the water vapor distribution of the temporal mean of the equilibrium state Peg,; is shown,
along with the circulation and the cloud field at three vertical levels, 0.02, 2.0, and 3.4 km. The distinct
signatures of the cloud cluster and the circulation indicate that they are quasi-stationary during their 40-day
equilibrium period. Also, we integrate the moisture flux for both the zonal and meridional flanks of the
cloud clusters (along the purple dashed lines in Figure 9) and show their vertical profile (see Figure 9d).

At the lowest level (0.02 km) there is inflow from all directions into the cloud cluster and, associated with
that, moisture import. However, between 1 and 5 km there is moisture export away from the cluster. The
export happens only in the meridional direction through a meridional midlevel outflow that transports
moisture to the originally dry higher latitudes. Eventually, the outflow crosses the poles. As it subsides its
moisture is recycled into the cloud cluster at the zonal flanks. Here the zonal inflow layer imports mois-
ture up to about 2.5 km, and there is no outflow in shallow to midlevels. The midlevel meridional outflow
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Figure 9. (a—c) Temporal average for the equilibrium period P,

Integrated Moisture Flux [kg m" s']

equi» 4t three levels, 0.02, 2.0, and 3.4 km, of the water vapor mass mixing ratio (g,, shading; g/kg),

the wind field (red arrows), and the cloud water mixing ratio (isolines of the 95th, 97th, and 99th percentile). (d) Zonal (dashed) and meridional (solid)
moisture flux (kg/ms) for qobs (red), midqobs (blue), and flatqobs (green), integrated along the meridionally and zonally oriented purple dashed lines in panels
(a)—(c), with import being negative and export being positive. Note that for this integration, the signs of the velocity components are chosen such that we obtain
the velocity relative to the cluster, thus yielding the moisture-importing or exporting effect of the advection.

is thus responsible for the moistening of the high latitudes as well as for the increase in the domain-mean

water vapor content (cf. Figure 3 with Figure 8). Note that also at high levels, there is outflow from deep
convection toward the high latitudes, along with cirrus clouds, but here its effect on the moisture budget is
insignificant. In topological terms we find that, at the surface level, the cluster center is an attracting node
and the antipode at the equator is a repelling node. At 2 and 3.4 km, the cluster center and its antipode both
look more like saddle points of the flow, and there are four gyres at +45°, forming a global flow quadrupole.

To gain further insight into the moisture import and export, the temporal evolution of the vertically inte-
grated moisture flux, separated into import and export, and zonal and meridional components, is shown in
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Figure 10. Temporal evolution of the vertically integrated moisture flux A, separated into meridional (red lines) and zonal contributions (blue lines), as well as
into import (solid lines) and export (dashed lines) for (a) qobs, (b) midqobs, (c) flatqobs, and (d) 27 uni. For 27 uni (panel d) the distinction between zonal and
meridional components is omitted, and only the period of time during which a single cloud cluster exists is considered. Dashed lines indicate the temporal

averages for the periods Pqy,s; and Peqy;-

Figure 10. For the SST contrast experiments, the meridional component of the vertically integrated mois-
ture flux, due to the SST contrast, governs the moisture import. We also note that, with the zonal extent
shrinking due to self-aggregation, the meridional moisture import weakens as well. The zonal component
of the vertically integrated moisture flux contributes to the moisture import only after self-aggregation has
occurred but remains at all times weaker than the meridional component. The distinct cluster geometry in
the three experiments with SST contrast is also reflected in the strength of the moisture import. For instance,
the zonally longer cluster in qobs imports more moisture through the meridional circulation than the zon-
ally shorter cluster of flatqobs. In turn, the meridionally broader cluster of flatqobs imports a greater fraction
of its moisture budget through the zonal circulation than the meridionally shorter cluster of qobs. These
differences seem to result from the fact that although the cluster circumference and area fraction change
with time, the total moisture import stays about constant and the clusters, depending upon their geometry,
import moisture more through their zonal or meridional direction.

Moisture export only happens through the meridional component of the vertically integrated moisture flux,
in agreement with Figure 9. The meridional moisture export is present at all times and is hardly affected by
the zonal self-aggregation and by the accompanied changes of the clusters' zonal extent. Thus, the merid-
ional outflow must intensify to export equal amounts of moisture through a shorter zonal extent, so that
the integrated moisture export remains the same. This intensification results in an expansion of the merid-
ional midlevel outflow, up to and across the high latitudes, that we identified in the temporal mean of the
equilibrium period Pg,; (see Figure 9). This fully explains the moistening of the high latitudes.

In 27 uni we find that variations in the moisture import correlate with those of the area fraction (cf. Figures 10
and 7), which suggest a close interdependency between the two: An increase in moisture import comes
along with an increase in cluster area (see, e.g., around Day 80) and vice versa. The same positive correlation
holds for the area fraction of precipitation as well as for the domain mean precipitation (not shown).
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The ratios of moisture import to moisture export for the periods P, and P.q,; are given in Table 1. For
the equilibrium period Pegui the ratios are similar across the three SST contrast simulations (3.1, 3.0, and
3.2 for qobs, midqobs, and flatqobs, respectively), but much lower than in 27 uni (4.6). This means that the
elongated clusters export a greater fraction of their moisture budget than the quasi-circular cluster of 27
uni, ultimately leading to the moistening of the high latitudes. We expect that the elongation of the cloud
cluster is responsible for this, although we cannot rule out the effect of the different SSTs. Likewise, the
ratios tend to be smaller during P.q,; than during P, although the inherent large variability prevents us

from drawing firm conclusions here.

Even though our simulations do not include rotation, it is interesting to note that the intensification of the
moist meridional outflow responsible for the moistening of the high latitudes exhibits some features remi-
niscent of atmospheric rivers (see, e.g., Newell et al., 1992; Ralph et al., 2010; Zhu & Newell, 1998). First, from
Figure 9, we see that the outflow carries significant amounts of water vapor. Second, the flow's location just
above the boundary layer, within altitudes of 1 to 5 km, resembles the characteristic of atmospheric rivers
as low-level jets (Ralph et al., 2010). Finally, atmospheric rivers are found to be related to large-scale con-
vergence (Waliser et al., 2012; Zhu & Newell, 1998) in the ITCZ and Kelvin waves (Ralph et al., 2010). Thus,
the circulation pattern of the equilibrium period P,,;, as it is also characterized by low-level convergence,
constitutes another analogy to atmospheric rivers.

equi’

4. Conclusions

In this study, we investigated the interactions between the aggregation of convection, as forced by spatially
varying SSTs, and the self-aggregation of convection. To that aim, we used convection-permitting simula-
tions integrated on a small aqua-planet. The setup is similar to past RCE simulations, but, instead of using
homogeneous SSTs, we imposed large-scale SST contrasts in the meridional direction, following the “qobs”
profile that has been used in traditional aqua-planet experiments. We control the SST profile by the value
of the chosen SST contrast between 0° and 60° latitude (see equation (1)). To better understand the effect of
the SST contrast on the self-aggregation of convection, we vary the strength of the contrast.

At first, a convergence line comprising of deep convection forms at the equator as a result of the SST con-
trast. After some time though, the convergence line breaks up and contracts zonally, as a result of the
self-aggregation of convection until reaching an equilibrium state. The zonal contraction is significant and
amounts between 54% and 66% depending on the strength of the tested SST contrasts. It is also accompanied
by a weak meridional expansion. The strength of the SST forcing controls the stability of the (zonally ori-
ented) convergence line as well as the geometry of the resulting cloud cluster. A stronger SST contrast leads
to a later breakup of the convergence line, a smaller zonal contraction, and consequently a smaller merid-
ional expansion. These results can be understood by the fact that a stronger SST contrast leads to a stronger
meridional circulation, whereas the zonal circulation, which reflects the self-aggregation of convection,
stays constant. In fact, the surface component of the meridional wind velocity in the various simulations
scales with the square root of the SST difference between equator and off-equator latitudes as long as the
self-aggregation has not set in.

Interestingly, it appears that, in the equilibrium state, the cluster area does not depend upon the underlying
SST contrast and neither does the total moisture import into the cluster nor its export. The convection is
also bound to the same SSTs, in our case the 24.1 ° C isoline. This means that changes in the zonal extent of
the convective cluster, whereby the zonal extent is sensitive to the SST contrast, have to be compensated by
corresponding changes in the meridional extent and that a weaker SST contrast can support a wider cloud
cluster.

Furthermore, we find that the circulation of the elongated cloud cluster in the experiments with spatially
varying SSTs is particularly organized. There is import of moisture below 1 km, both in the zonal and merid-
ional direction, but export of moisture between 1-5 km only in the meridional direction. The integrated
moisture import is stronger in the meridional than in the zonal direction, but the total import stays about
constant in time, so that, depending on the cluster geometry and hence the SST contrast, more or less of
it occurs in the meridional direction. The integrated meridional moisture export also remains constant in
time. Thus, as the cloud cluster zonally contracts due to the self-aggregation and its zonal extent shrinks,
the moist meridional outflow intensifies and expands. This leads to a visible moistening of the high latitudes
once self-aggregation sets in. The characteristics of the moist outflow are reminiscent of atmospheric rivers.
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Our study bridges the gap between traditional RCE studies and aqua-planet experiments. We focused on
analyzing the interactions between forced aggregation by the imposed SST pattern and self-aggregation in
terms of the resulting spatial distribution of convection, the underlying circulation, and the associated mois-
ture transport. In particular, we took self-aggregation for granted, but it would be interesting in follow-up
studies to investigate which of the self-aggregation mechanisms are at play in such a configuration. Also, it
remains unclear why the simulations keep their cluster area constant, are bounded by the same SSTs, or pro-
duce similar precipitation amounts. More importantly, our study remains idealized, and it would be worth
investigating which aspects apply to the real word. In particular, it is based on an idealization of observed
SSTs, but given the use of a smaller radius, the SST gradients are emphasized. Key for the stability of the con-
vergence line is nevertheless the strength of the resulting SST-driven circulation. With values of around 5
m/s close to the equator, the circulation seems to be of similar strength to circulations obtained in traditional
full-Earth aqua-planet simulations. Still, it would be very interesting to test our findings using observations.
Our results suggest that the ITCZ may be sensitive to the self-aggregation of convection in the zonal direc-
tion and that self-aggregation of convection acting on the ITCZ may be seen as a precursor to the formation
of atmospheric rivers. More precisely our findings suggest that longer convergence lines are more likely to
be found under a stronger SST contrast. More broadly, our results may explain why the ITCZ, for instance,
over the tropical Atlantic, infrequently spans the whole basin.
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