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Imprint of the convective parameterization and sea-surface
temperature on large-scale convective self-aggregation

Tobias Becker! 2/, Bjorn Stevens’ , and Cathy Hohenegger!

'Max Planck Institute for Meteorology, Hamburg, Germany

Abstract Radiative-convective equilibrium simulations with the general circulation model ECHAM®6 are
used to explore to what extent the dependence of large-scale convective self-aggregation on sea-surface
temperature (SST) is driven by the convective parameterization. Within the convective parameterization, we
concentrate on the entrainment parameter and show that large-scale convective self-aggregation is inde-
pendent of SST when the entrainment rate for deep convection is set to zero or when the convective
parameterization is removed from the model. In the former case, convection always aggregates very weakly,
whereas in the latter case, convection always aggregates very strongly. With a nontrivial representation of
convective entrainment, large-scale convective self-aggregation depends nonmonotonically on SST. For
SSTs below 295 K, convection is more aggregated the smaller the SST because large-scale moisture conver-
gence is relatively small, constraining convective activity to regions with high wind-induced surface mois-
ture fluxes. For SSTs above 295 K, convection is more aggregated the higher the SST because entrainment
is most efficient in decreasing updraft buoyancy at high SSTs, amplifying the moisture-convection feedback.
When halving the entrainment rate, convection is less efficient in reducing updraft buoyancy, and convec-
tion is less aggregated, in particular at high SSTs. Despite most early work on self-aggregation highlighted
the role of nonconvective processes, we conclude that convective self-aggregation and the global climate
state are sensitive to the convective parameterization.

1. Introduction

Parameterizing moist convection is one of the greatest challenges in climate system modeling [e.g., Randall
et al,, 2003; Arakawa, 2004; Stevens and Bony, 2013; Bony et al., 2015]. Moist convection is difficult to parame-
terize because it is strongly coupled to the environment through a diversity of processes, ranging from grav-
ity waves to radiative transfer, moisture perturbations, and surface fluxes [e.g., Bretherton and Smolarkiewicz,
1989; Bony and Emanuel, 2005]. The coupling occurs on a variety of space and time scales, which makes it
difficult to separate convective processes and convection-controlling processes. Here, we analyze radiative-
convective equilibrium (RCE) simulations to understand how the convective parameterization, and in partic-
ular the entrainment parameter, controls the interaction of moist convection with the large-scale circulation,
and how the governing mechanisms depend on the climate state.

With the RCE approach, the insolation and surface properties are assumed to be homogeneous and the
planet is assumed to be nonrotating. The RCE approach has the advantages that it ensures a focus on the
basic drivers of convection—radiation, tropospheric humidity, surface fluxes, and the convection-driven
large-scale circulation—and that it is applicable in a hierarchy of models, bridging the gap between models
that simulate convection and models that parameterize it. RCE has been used as a paradigm to understand
climate for a long time [Ramanathan and Coakley, 1978, and references therein], but until recently the RCE
framework has not been used in global models that parameterize convection. Running a general circulation
model (GCM) in the RCE setup, as we do here, Popke et al. [2013] showed that RCE provides a good analog
to the structure of the tropical circulation. Thus, RCE is emerging as an exciting new approach to address
how parameterized convection interacts with its large-scale environment across all scales, and how the con-
vective parameterization influences this coupling.

Convective organization may influence the interaction of convection and large-scale circulation. Observa-
tions show that organization emerges on all space scales in the climate system, with mesoscale organization
contributing about 50% to tropical precipitation [Nesbitt et al. 2000]. Organization, and more specifically
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convective aggregation, can be associated with a drying in the free troposphere and a decrease in low to
midlevel cloud fraction in nonconvecting areas [Tobin et al., 2012]. The expansion of dry areas causes an
increase in outgoing longwave radiation (OLR) and an increase in shortwave radiation absorbed by the sur-
face. Convective aggregation thus modulates the strength and pattern of precipitation, and also influences
the atmospheric moisture distribution, the radiation budget, and the large-scale circulation.

RCE studies with convection-permitting models show that convective self-aggregation is favored if domain
size is larger than 200 km and if resolution is coarser than 2 km [Muller and Held, 2012; Muller and Bony,
2015]. Assuming that the mechanisms responsible for convective self-aggregation on the mesoscale in
convection-permitting models also apply on the large scale in GCMs, this finding suggests that convection
would always be extremely aggregated in GCMs. However, the few studies that use GCMs in the RCE config-
uration find a more diverse representation of RCE compared to their convection-permitting counterparts
[Coppin and Bony, 2015; Arnold and Randall, 2015; Bony et al., 2016]. To some extent, the increase in diversity
can be attributed to the convective parameterization, and to assumptions therein that have an impact on
large-scale convective self-aggregation. The entrainment parameter has been shown to affect the coupling
of convection to the large-scale flow in aquaplanet simulations [e.g., Mobis and Stevens, 2012; Oueslati and
Bellon, 2013], and RCE simulations suggest that convective self-aggregation increases with the entrainment
rate [Arnold and Randall, 2015].

Another research question is how convective self-aggregation depends on the prescribed SST. Here, the lit-
erature is less conclusive, with seemingly contradictory findings across studies. In two convection-
permitting studies, convective self-aggregation is almost independent of SST [Wing and Cronin, 2016; Hollo-
way and Woolnough, 2016], in other studies, both with convection-permitting models and GCMs, convective
self-aggregation increases with SST [Khairoutdinov and Emanuel, 2010; Wing and Emanuel, 2014; Arnold and
Randall, 2015; Reed et al., 2015], and with one GCM, convective self-aggregation even depends nonmono-
tonically on SST [Coppin and Bony, 2015]. The mechanisms that are responsible for the SST dependence
include clear-sky longwave radiative feedbacks [Emanuel et al., 2014], radiation-circulation coupling [Coppin
and Bony, 2015], and WISHE-circulation coupling [Coppin and Bony, 2015]. In this study, we combine both
research questions, and analyze how the convective parameterization, and in particular the entrainment
rate for deep convection, affects the dependence of large-scale convective self-aggregation on SST.

In section 2, we sketch the main features of the convective parameterization and outline our experimental
strategy. Section 3 sets some terminology and gives a short overview over some results, whereas section 4
discusses how the RCE climate is mediated by assumptions in the convective parameterization—directly
and through their effect on convective self-aggregation. In section 5, the response of the RCE climate to SST
changes is discussed. The sensitivity of convective self-aggregation to SST and convection scheme arises as
a particular point of emphasis. Section 6 briefly discusses the effect of self-aggregation on climate sensitiv-
ity. The study is summarized and concluded in section 7.

2. Methods

2.1. Convective Parameterization

In ECHAMG6 [Stevens et al., 2013], the convective parameterization of Nordeng [1994] is used by default; here-
after “Nordeng” refers both to this parameterization and to model configurations that use it. To test ideas as
to the cause of differences among models concerning the SST dependence of convective self-aggregation,
three additional representations of convection are investigated. Two representations are based on Nordeng,
with the only difference that the entrainment rate for deep convection is halved (HalfEntrN) or set to zero
(NoEntrN), respectively, and one representation prohibits all subgrid-scale convection (NoCnvPm), in anal-
ogy to the Selected Process On/Off Klima Intercomparison Experiment [SPOOKIE, Webb et al., 2015]. The
NoCnvPm setup can be envisioned as a configuration where the entrainment rate is set to infinite for every
type of parameterized convection.

The Nordeng convection scheme uses the mass flux approach [Arakawa and Schubert, 1974; Tiedtke, 1989]
and differentiates between shallow, midlevel and deep convection. Because midlevel convection is very
rarely triggered, we do not discuss it further. The convection scheme is triggered if total moisture conver-
gence below cloud base is positive, if updraft humidity is higher than in the environment and if the updraft
is positively buoyant. For the triggering of deep convection, column-integrated total moisture convergence
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must exceed surface evaporation by 10% and cloud depth has to be more than 200 hPa in the first updraft
calculation. For deep convection, the closure for the cloud base mass flux is based on convective available
potential energy (CAPE). CAPE is relaxed to zero with a prescribed time scale, which is 7200 s when using
the spectral resolution T63 (corresponding to 1.875° resolution). The change of net upward mass flux My,
with height depends on two qualitatively different types of mixing, turbulent (trb) and organized (org) mix-
ing, expressed in the form of entrainment (E) and detrainment (D) of cumulus mass:

oM,
azup =Eupt+ Eorg —Dyp— Dorg . (M

By definition, turbulent entrainment is proportional to the mass flux itself, with different constants of pro-
portionality for shallow and deep convection. Turbulent entrainment matches turbulent detrainment below
the detrainment level z, and turbulent entrainment is set to zero above zp. Organized entrainment and
detrainment are enabled only in case of deep convection. Organized entrainment is parameterized as a
function of updraft buoyancy, whereas organized detrainment is zero below the level of neutral buoyancy
of a prescribed updraft, and is vertically distributed with a sine function above that level. In the simulations
HalfEntrN and NoEntrN, where the entrainment rate for deep convection (hereafter entrainment rate) is
changed by a certain factor, turbulent and organized entrainment as well as turbulent detrainment are mul-
tiplied by that factor. Organized detrainment is not changed to avoid that all of the detrainment is con-
strained to one level in NoEntrN.

For more details on the Nordeng convection scheme, the reader is referred to Mobis and Stevens [2012]
because the implementation in ECHAM6 differs in some important details from what is described in the
original publications.

2.2, Simulations

In all simulations, we use the general circulation model ECHAM 6.3 in a radiative-convective equilibrium
configuration with T63 spectral resolution and 47 levels in the vertical. The main differences between this
version of ECHAM6 and the version described by Stevens et al. [2013] are a correction to the faulty imple-
mentation of the cloud scheme that was identified in their paper, a better treatment of the thermodynam-
ics in the cloud and convective parameterization to address energy conservation, and a different treatment
of cloud-radiation interactions using the McICA approach and PSRad [Pincus and Stevens, 2013]. The RCE
setup incorporates a spatially homogeneous diurnal cycle of insolation with a mean value of 3403 W m ™2,
no rotation of the planet and homogeneous conditions at the surface. The RCE setup is similar to the one
described in more detail in Popke et al. [2013] and Becker and Stevens [2014], the only fundamental differ-
ence is that the RCE model is not coupled to a mixed layer ocean. Instead, we use globally uniform pre-
scribed SSTs.

To understand how the SST dependence of large-scale convective self-aggregation is controlled by the con-
vective parameterization, we have performed some sensitivity studies. We use four different representations
of convection, Nordeng, HalfEntrN, NoEntrN, and NoCnvPm (defined in section 2.1), and we alter the SST at
5 K intervals in the range from 285 K to 305 K for all convective parameterization setups. Some additional
simulations have been performed, including simulations where clouds are made invisible to radiation, simi-
lar to the Clouds On/Off Klima Intercomparison Experiments (COOKIE) [Stevens et al.,, 2012], but no surprise
emerged. These simulations are only discussed in so far as they help understand one or the other aspect of
the base simulations.

All simulations start from a homogeneous dry initial state and were run for 5 simulation years. In all simula-
tions, equilibrium is reached after 1 year at the latest, so the last 4 years are analyzed. A check confirmed
that results are statistically significant when looking at a 4-year average.

3. Quantifying Convective Self-Aggregation With Subsidence Fraction

Because convective aggregation has a strong impact on many different climate parameters, the degree of
convective aggregation can be quantified in various ways. For example, convective aggregation can be
quantified with the domain mean or spatial variance of outgoing longwave radiation, water vapor path, or
surface fluxes [Bretherton et al., 2005; Tobin et al., 2012]. However, these quantities share the problem that
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Figure 1. Area fraction where mass-weighted vertically integrated
(1000 - 200 hPa) vertical velocity is directed downward, with differ-
ent convective parameterizations and SSTs, averaged over all daily
means in the analysis period. For all simulations, the range between
the 25th and 75th percentile of daily-mean subsidence fraction is on
the order of the respective symbol sizes. The standard error is esti-
mated to be smaller than 0.002 (based on a 10 day autocorrelation
time scale for the time-series of subsidence fraction).

they depend on SST, which would greatly com-
plicate their application to our results. Parame-
ters that do not depend on SST are, for example,
column relative humidity or saturation fraction,
defined as column water vapor path divided by
saturation water vapor path [Wing and Cronin,
2016]. In this study, we quantify convective
aggregation with subsidence fraction [Coppin
and Bony, 2015; Bony et al, 2016], another
parameter that does not depend on SST. Subsi-
dence fraction is estimated as the area where
the mass-weighted vertically integrated (1000-
200 hPa) and daily averaged vertical velocity is
directed downward.

Figure 1 demonstrates that the variations of
convective self-aggregation with SST strongly
depend on the representation of convection.
Convective self-aggregation is independent of
SST in the two extreme convection scheme set-
ups, with NoCnvPm and NoEntrN. With the two
less extreme setups, Nordeng and HalfEntrN, we
observe a nonmonotonic dependence of con-
vective self-aggregation on SST. With Nordeng,

self-aggregation decreases with SST for SSTs
below 295 K, while above 295 K, self-aggregation increases with SST. With HalfEntrN, self-aggregation only
increases with SST if SST is above 300 K. Mechanisms that can explain why convective self-aggregation
depends on SST nonmonotonically and the reasons why the response differs with Nordeng and HalfEntrN
are discussed in sections 5.2 and 5.3.

Independent of SST, convection is always most aggregated with NoCnvPm, Nordeng is in most of the simu-
lations more aggregated than HalfEntrN and NoEntrN, and HalfEntrN is slightly more aggregated than
NoEntrN at 285 K and 305 K, but less aggregated in between. Hence, with a few exceptions, higher entrain-
ment rates can be associated with more convective self-aggregation, similar to what was found by Arnold
and Randall [2015]. The following section analyzes why the degree of convective self-aggregation depends
on the convective parameterization, and in particular on the entrainment parameter, restricting the analysis
to the simulations with 305 K SST.

4. How Does the Convective Parameterization Affect Convective Self-Aggregation?

4.1. Horizontal Structure

Snapshots of precipitation and 10 m wind field, presented for the four different representations of convec-
tion in Figure 2, illustrate that in the global RCE model setup, convection aggregates on very large scales,
with the largest convective systems being of the size of a continent. The snapshots also show that the simu-
lations which aggregate more, like NoCnvPm but also Nordeng, have more clearly separated regions of sub-
sidence and upward motion, larger individual subsidence regions, higher 10 m wind speeds, and more
intense precipitation. In NoCnvPm, both the global mean 10 m wind speed and the difference between
mean upward and mean downward velocity are almost three times larger than in NoEntrN (Table 1), con-
firming the impression of a much stronger overturning circulation in NoCnvPm than in NoEntrN. The
increase of subsidence fraction is associated with a more pronounced increase of mean upward velocities
in the convectively active areas than of mean downward velocities in the subsidence region (Table 1).

4.2. Vertical Structure

Because in our simulations convection aggregates in response to changes in the model physics, the results
are not necessarily the same as in a transient run with constant model physics but varying aggregation. For
a given degree of aggregation, we can expect that with a larger entrainment rate, more updrafts detrain in
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Figure 2. Random snapshots of precipitation relative to the global mean precipi-
tation and 10 m wind field with different convective parameterizations at 305 K
SST, averaged over 1 day. Purple contour lines distinguish subsidence and upward
motion areas, indicating where daily averaged mass-weighted vertically inte-
grated vertical velocities are zero.

the lower troposphere, moistening the
lower troposphere and leading to
more low clouds as compared to high
clouds. For a given degree of aggrega-
tion, we can also expect the tropo-
sphere to be less stable with a larger
entrainment rate because updrafts are
more diluted, and therefore the con-
cept of moist adiabatic ascent is less
accurate. Those expectations are con-
sistent with findings of Tomassini et al.
[2015], who changed the entrainment
rate in a coupled ocean-atmosphere
model, in which convective aggrega-
tion plays less of a role. The question
we answer in this subsection is
whether those expectations are also
fulfilled in the presence of convective
aggregation.

Both in convection-permitting models
[e.g., Bretherton et al, 2005] and in
observations [Tobin et al., 2012], con-
vective aggregation is accompanied
by mid-tropospheric drying. However,
in our simulations global mean free tro-
pospheric relative humidity does not
depend much on the degree of self-
aggregation (Figure 3). Even though
the subsidence region expands when
aggregating and has a dry free tropo-
sphere (Figure 4), the larger subsidence
region in more aggregated states does
not project much on the mean state
because the region with ascending air
masses is moister in more aggregated
states (Figure 4), almost balancing the
drying on the global mean. The moist-
ening of the region with ascending air
masses does not only result from
aggregation itself, including more verti-
cal moisture advection by the resolved
flow because of higher vertical veloci-
ties, but also results from changing the
convective parameterization. Higher
entrainment rates lead to an increase of
relative humidity in the region with
ascending air masses because high
entrainment causes more organized
detrainment at lower levels, which
moistens the updraft’s surrounding. In
addition, updrafts with high entrain-
ment rates concentrate in very moist
columns wherein mixing does not
strongly diminish updraft buoyancy.
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Table 1. 10 m Wind Speed (v;0), Mean Upward Velocity (w,p), Mean Downward Velocity (wgown), and Subsidence Fraction (Area Fraction
in Which the Daily Averaged Mass-Weighted Vertical Integral From 200 to 1000 hPa of Vertical Velocity is Directed Downward, SF) With
Different Convective Parameterizations at 305 K SST, Averaged Over the Analysis Period

Simulation Vio [m s~ wyp [hPad ] Odown [hPad "] SF [%]
NoCnvPm 55 —124 25 83
Nordeng 3.0 —53 22 70
HalfEntrN 22 —-36 22 62
NoEntrN 20 —34 22 60

The moistening of the region with ascending air masses also leads to a higher precipitation efficiency and to
less evaporating rain, decreasing water vapor residence time t,, defined as the ratio of water vapor path to
precipitation rate (Table 2). Had the circulation not changed, a higher entrainment rate would cause the oppo-
site signal, an increase of t, due to more mixing. So, large-scale convective self-aggregation dominates the
large-scale statistics, partly masking the direct but local effects from changing the entrainment rate that one
might have expected had the circulation not changed.

Tropospheric stability increases with convective aggregation (0,,, —0,,,, in Table 2) because convection
occurs at a much warmer effective temperature, as explained in the next subsection. However, a consequence
of changing the convective parameterization shows up in NoEntrN, where stability is high though convection
is quite unaggregated. In the absence of entrainment, updrafts are fixed to the moist adiabat, stabilizing the
temperature profile, in line with Tomassini et al. [2015]. Hence, small entrainment rates keep the updraft close
to the moist adiabat, which increases stability, but small entrainment rates also cause convection to be less
aggregated, which reduces stability. Overall, convective aggregation dominates, masking the direct effect from
changing the entrainment rate that one might have expected had the circulation not changed.

In NoCnvPm, vertical moisture transport through convection is limited, leading to a high cloud fraction at
the top of the boundary layer, whereas in NoEntrN, the lack of entrainment induces a large cloud fraction at
the tropopause (Figure 3) because the updrafts do not mix with their environment and instead deposit all
their moisture at the tropopause. Observations also show a tendency of more high clouds per unit low
cloud in less aggregated environments [Stein et al., 2017]. A study of Bony et al. [2016] also indicated that in
less aggregated environments, anvil cloud fraction increases because stability close to the tropopause
decreases, which implies that more clear-sky mass divergence is required to balance the vertical gradient in
radiative cooling, leading to more extensive anvil clouds. This stability effect persists in our simulations, as
the profiles of saturated moist static energy in Figure 3 illustrate. Thus, with respect to the vertical profile of
cloud fraction, convective aggregation has the potential to amplify the direct effect from changing the
entrainment rate.

Based on a more bottom-heavy profile of cloudiness in simulations with higher entrainment rates, we can
expect a larger top-of-atmosphere (TOA) energy budget deficit. Convective aggregation perturbs the sys-
tem in the same direction, also leading to a larger TOA energy budget deficit in more aggregated situations,

—— NoCnvPm —— Nordeng —— HalfEntrN NoEntrN

100 L L 3 L 100

200 1 - L - L 200
—. 300 1 1 - S - - 300 —
© ©
o o
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Aoy [kJ/kg]

Relative Humidity Cloud fraction Cloud liquid water [g/kg] Cloud ice [g/kg]

Figure 3. Profiles of atmospheric state variables with different convective parameterizations at 305 K SST, averaged over the analysis period and plotted as a function of pressure level.

hsat is the saturated moist static energy.
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upsidence region both in observations [Tobin et al.,
100 T L~ L 100 2012] and models [Hohenegger and
200 1 o - 200 Stevens, 2016]. In our simulations,
= 20 1 T 30 NoEntrN has indeed a 13 W m™2
T 500 - ] L 500 E TOA energy budget surplus, while
£ £ NoCnvPm has a 73 W m ™2 deficit
2 00 | L L 700 2 (Table 2). In Nordeng, HalfEntrN,
and NoEntrN, the changes of the
850 F - 850 o
‘ TOA energy budget are primarily
1000 ————+ 1000 induced by changes in net atmo-
0.0 0.20.4 060810 0.0 0102030405 . . L
spheric longwave cooling, which is
subsidence region in line with observations [Tobin
100 { | L 100 et al, 2012]. Larger subsidence
200 A - - 200 regions associated with more con-
300 F - 300 i 2 i
= — NoCnvPm = vective self-aggregation cool more
T 500 - | ]| —Nordeng | g efficiently, inducing an increase of
£ — HalfEntrN £ atmospheric longwave cooling, for
2 200 A K i NoEnttN | -0 @ example, by 23 W m~? in Nordeng
650 | | (\ | g0 compared to NoEntrN. Convective
)) heating compensates, inducing rare
1000 ——444 —

—— 1000 but more intense precipitation
0.0 0.2 0.4 0.6 0.81.0 0.0 0.1020.304 05 .
which overcompensates on the

Relative Humidity Cloud fraction
global average the more frequent
Figure 4. As Figure 3, but focusing on relative humidity and cloud fraction, and separat- but less intense precipitation in less
ing where daily averaged mass-weighted vertically integrated (1000 — 200 hPa) vertical aggregated conditions (Table 2).

velocity is directed downward (subsidence region) and upward (upsidence region). . . . .
R4 E P P 9 Not in line with observations is that

the negative TOA energy budget in
NoCnvPm is caused by changes in absorbed solar radiation (ASR). In NoCnvPm, ASR is much smaller than
with an activated convective parameterization because in the absence of parameterized shallow convec-
tion, a strong cloud-topped inversion at the top of the boundary layer develops (Figure 3). These low-level
clouds have a strong impact on the radiation budget because they are prevalent in the subsidence region
(Figure 4). In summary, the convective parameterization affects the vertical profile of moisture, temperature,
and clouds, as well as the TOA energy budget directly. Nonetheless, the large-scale statistics are dominated
by convective aggregation, either masking or amplifying the direct effects associated with the convective
parameterization.

4.3. Moist Static Energy Distribution

To understand which processes govern the interaction of convection and large-scale circulation and are
thus responsible for convective self-aggregation, we analyze the spatial distribution of moist static energy.
Moist static energy is an invariant for moist adiabatic processes and is defined as

h=¢,T+gz+L,q, )

where ¢, is the isobaric specific heat capacity, T is temperature, g is gravity, z is geopotential height, L, is
the enthalpy of vaporization, and g is specific humidity. The sum of the first two terms is also known as the
dry static energy (s). Unlike other studies [Wing and Emanuel, 2014; Arnold and Randall, 2015], we neglect

Table 2. Precipitation (P), Water Vapor Residence Time (Ratio of Water Vapor Path to Precipitation Rate, t,), Radiative Imbalance of the
Atmosphere (Raim), and at the Top-of-Atmosphere (Rroa), Top-of-Atmosphere Outgoing Longwave Radiation (OLR), Top-of-Atmosphere
Absorbed Solar Radiation (ASR) and Virtual Potential Temperature Difference Between 200 and 1000 hPa (®,,,, —®,,,,) With Different
Convective Parameterizations at 305 K SST, Averaged Over the Analysis Period

Simulation Plmmd™] t, [d] Ratm W m™2] Rroa W m™?] OLRWm™?] ASR [W m ] Ou — Oy K]
NoCnvPm 52 9.8 —174 —726 292 220 57.5
Nordeng 44 1.1 —148 —85 283 275 54.6
HalfEntrN 41 10.9 —140 44 286 290 512
NoEntrN 3.7 12.7 —126 134 267 281 55.0
BECKER ET AL. CONVECTIVE SELF-AGGREGATION IN A GCM 7
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the contribution of ice to moist static energy for reasons of simplicity and because the influence of frozen
particles on the moist static energy budget is very small in the RCE setup. It also proves useful to analyze
the mass-weighted vertical integral of h,

1 Pt
=] hap, 3

with p;=1000 hPa and p;=50 hPa. The column longwave and shortwave net radiative fluxes in the atmo-
sphere (Ratm,w and Ram sw), the latent and sensible heat release from the surface (LH and SH) and large-
scale horizontal convergence of the flux of (h) (V, - (iih)) are the only terms that can alter (h):

% :Ratm,LW+Ratm,SW+LH+SH_vh . <Gh> (4)
In the RCE setup, perturbations in temperature, or density, are damped and radiated away by gravity waves.
These weak temperature gradient (WTG) conditions [Sobel and Bretherton, 2000] imply that horizontal
anomalies in h are essentially water vapor anomalies. For example, with Nordeng at 305 K, the standard
deviation of (h), o, is 19 times larger than the standard deviation of (s), g . In all of the simulations, the
distributions of (h) are very closely coupled to precipitation (Figure 5a). Upward motion (dashed line in Fig-
ure 5b) and precipitation only occur if (h) exceeds a certain value and precipitation intensifies depending
on how much this value is exceeded.

The coupling of precipitation to (h) is weakest in NoEntrN, resulting in a more gradual increase of precipita-
tion with increasing (h) (Figure 5a). For example, the correlation coefficient of (h) and precipitation is 0.68
with Nordeng, 0.69 with HalfEntrN and 0.63 with NoEntrN. With NoEntrN, the correlation coefficient
is smaller than with Nordeng and HalfEntrN because the deactivation of entrainment decouples the convec-
tive updraft from its updraft environment, while in case of a high entrainment rate, precipitating convection
can only occur in regions where the free troposphere is moist because otherwise entrainment of dry air
would decrease updraft buoyancy too much [Tompkins and Semie, 2017]. Likewise, the detrainment also

moistens the environmental air. The arguments

hold only qualitatively for NoCnvPm (correlation

— 60 —NoCnvPm (a) coefficient of 0.43), as quantitatively the variabil-
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% 20 1 sections as an analysis tool to better understand
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needed to efficiently transport enough water
vapor into the convectively active regions and to
increase updraft buoyancy by a sufficient
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Figure 5. (a) Precipitation versus daily mean column-integrated h, at

0.05 kJ kg~ intervals, and (b) histograms of daily mean column-
integrated h (solid line: global; dashed: only in the region where
column-integrated vertical velocity is directed upward), with a bin
size of 0.1 kJ kg™, Presented are simulations with different convec-
tive parameterizations at 305 K SST.

amount to successfully produce precipitating
convection. Thus, o, increases in response to
convective self-aggregation, also because the
subsidence fraction increase leads to a shift of
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weight toward low h (Figure 5b). By stabilizing the subsidence region against convection, a large g, favors
self-aggregation. Convective self-aggregation is accompanied by a rise of the convecting temperature [Held
et al., 1993; Bretherton et al., 2005], and the static stability of the troposphere increases in the whole domain,
assuming WTG conditions. Thus, CAPE reduces and larger h perturbations are necessary in the boundary
layer for the onset of convection, in agreement with boundary-layer quasi-equilibrium theory [Raymond,
1997]. This makes it more unlikely that sufficient h perturbations are created in the absence of a strong
large-scale circulation. Cause and effect are hard to disentangle because large h perturbations are only pos-
sible if convection is aggregated, and convective self-aggregation causes an increase in ap,.

The increase of static stability with aggregation affects the distribution of (h), shifting the whole distribution
toward higher values because of enhanced upper-tropospheric temperatures. The higher values of (h) in
NoEntrN compared to HalfEntrN are not associated with self-aggregation, but with convection strictly fol-
lowing the moist adiabat because updrafts do not lose any buoyancy through entrainment. To conclude,
the global reorganization of convection dominates the statistics of the RCE stationary state, partly masking
the subtle differences in how convection couples to that state induced by the differences in the convective
parameterization.

5. How Does the Convective Parameterization Affect the SST Dependence of
Convective Self-Aggregation?

In this section, we analyze why convective self-aggregation depends non-monotonically on SST when using
Nordeng, and why we find a different SST dependence with NoCnvPm, HalfEntrN, and NoEntrN. Both with
Nordeng and HalfEntrN, the spatial pattern of self-aggregation depends on SST in a similar way (see sup-
porting information Movie 1), suggesting that mechanisms that maintain self-aggregation are similar. The
snapshots in Figure 6 illustrate that with Nordeng, convection aggregates at high SSTs in blobs, with diame-
ters of about 5000 km, while it aggregates at low SSTs in arcs, with scales of up to 20,000 km in length. The
arcs move rapidly toward the subsidence region with the strongest overturning circulation (Figure 6). At
low SSTs, convective structures often travel to the other side of the planet within a week, while at high
SSTs, they remain mostly at the same location in the same time frame (see supporting information movie).
This emphasizes the need to use daily means or shorter time scales when analyzing subsidence fraction.

e S
AL
b 2N “7§~§§,

10 m/s
1234567 8 9101112 —
P/ Pmean 10 m wind

Figure 6. Random snapshots of precipitation relative to the global mean precipitation and 10 m wind field with Nordeng at three different SSTs, averaged over 1 day, showing also the
consecutive snapshot 2 days later and 4 days later, respectively.
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The enhanced cluster movement is also apparent in the global mean 10 m wind speed, which increases
with decreasing SST, from 23 m s~ ' at 300 Kto 3.8 m s~ ' at 285 K, also hinting at a stronger overturning cir-
culation at lower SSTs. The slight recovery of surface winds at 305 K (2.9 m s~ ) associated with strong self-
aggregation does not change the overall picture.

5.1. Moist Static Energy Variance Budget

As the analysis in section 4.3 has shown, high values of g, are associated with a high degree of convective
self-aggregation. In this subsection, the spatial variance budget of (h) is analyzed with the goal to under-
stand how the convective parameterization determines which physical processes are related to convective
self-aggregation, and how these processes depend on SST. Following Wing and Emanuel [2014], we analyze
factors influencing convective self-aggregation with the aid of the spatial moist static energy variance
budget:

13<h>/2 I~/ /P~ ! / ! / ! -
2 ot =(h) RatthW+<h> Ratm4SW+<h> LH'+(h) SH'—(h) Vi - (uh). (5)

Each term contains the covariance between (h) anomalies and (h) sources, or (h) convergence, respec-
tively. Averaging over time and space and normalizing each term with W yields the contribution of the
different diabatic source terms to the growth rate of (h) variance, while normalizing with (h)’ yields the
contribution to (h) standard deviation. To emphasize that, when identifying the governing mechanisms
involved in self-aggregation, the absolute values are less important than the fractional contribution of each
term relative to the other source terms, Figure 7 shows the contribution of each term to both (h)’ variance
and to (h) standard deviation. Many studies have shown that the mechanisms that lead to self-aggregation
and that sustain self-aggregation can differ substantially [e.g., Muller and Held, 2012]. Here, we focus on the

mechanisms that sustain convective self-aggregation.

Convection-permitting studies show consistently that, given some initial self-aggregation, self-aggregation
is maintained by cloud, water vapor, and radiation feedbacks because dry regions expand and confine con-
vection into moister regions [Bretherton et al., 2005; Muller and Held, 2012; Jeevanjee and Romps, 2013; Wing
and Emanuel, 2014; Muller and Bony, 2015; Bretherton and Khairoutdinov, 2015; Wing and Cronin, 2016; Hollo-
way and Woolnough, 2016; literature overview by Mapes, 2016]. In accordance with this, Figure 7 shows that
in all of the simulations, except with HalfEntrN below 295 K, the longwave net atmospheric flux is the domi-
nant source of (h) variance, maintaining convective self-aggregation in the equilibrium state. The reason is
that in convectively active regions, clouds and enhanced water vapor concentrations increase the effective
longwave emission height, thus reducing the atmosphere’s longwave cooling in regions of high (h), while
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Figure 7. Covariance of column-integrated moist static energy (h) and different sources of (h), averaged over the analysis period and (a) scaled with the global average of (h) variance,
or (b) scaled with the global average of (h) standard deviation. The large-scale horizontal convergence of the flux of (h) is the residual.
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dry subsidence regions have low effective emission heights, thus accelerating the atmosphere’s cooling in
regions of low (h). In NoEntrN, more condensate is detrained at higher levels. This leads to even more high
clouds in the convectively active region, amplifying the cloud-radiative effect.

The net shortwave irradiance is an additional source of (h) variance in all simulations because clear-sky
atmospheric shortwave absorption increases with column water vapor, but the magnitude of this effect is
much smaller than the longwave radiative feedback. Surface fluxes and especially latent heat release are
sources of (h) variance at low SSTs. This turns out to be very important for convective self-aggregation at
low SSTs, as discussed in more detail in section 5.2. The large-scale horizontal convergence of the flux of
(h), which is calculated as residual from the budget, is a sink of (h) variance in almost all of the simulations,
which means that the circulation is thermally direct, as it transfers moist static energy from high-h regions
to low-h regions. However, the fractional contribution of (h) convergence to the (h) variance budget
decreases with increasing SST (Figure 7).

5.2. Which Mechanisms Reinforce Convective Self-Aggregation at Low SSTs?

An increase of convective self-aggregation with decreasing SST has so far only been found by Coppin and
Bony [2015] with the IPSL model in RCE mode. They explain the increase of convective self-aggregation at
SSTs below 300 K with a more effective cooling from low clouds in the subsidence region, leading both to
the formation of radiatively driven cold pools, and to a low-level overturning circulation. In ECHAM6-RCE,
convective self-aggregation increases with decreasing SST at SSTs below 295 K with Nordeng, and below
300 K with HalfEntrN (Figure 1), while NoEntrN and NoCnvPm do not show any SST dependence.

Surface fluxes have the potential to be very important for convective self-aggregation because anomalies in
sensible or latent heat flux are sources of h perturbations in the boundary layer. Properties which can influ-
ence surface fluxes are SST, wind speed, rela-
tive humidity, and stability at the lowest

5 - —% = ggg ﬁ (@ model level. At low SSTs, the latent heat flux
:TS ; 295 K tends to be stronger in regions of large (h)

-|—5= 300 K and is a source of (h) variance (Figure 7).

17 —Tz =305K This is counter-intuitive because, all else

being equal, high h perturbations in the
boundary layer imply less latent heat flux
because h perturbations mostly reflect
humidity perturbations. However, the lower

10m wind speed anom. [m/s]
o

13 the SST, the less do perturbations in latent
] and sensible heat flux depend on relative

-2 T T T T humidity and stability anomalies, but are
0 20 40 60 80 100 dominated by the wind speed (Figure 8). The
rank(¢h)) wind speed itself also shows an SST depen-

dence. With Nordeng, at high SSTs, wind
speeds maximize close to the median of (h)
and differ only by about 1 m s~', while at
low SSTs, wind speeds in high (h) regions
are on average more than 3 m s~ ' higher
than winds in low (h) regions (Figure 8a).
Thus, sensible and especially latent heat
fluxes are important for convective self-
aggregation at low SSTs due to a stronger
coupling of surface fluxes to the wind speed
—T————T— and due to a changing wind pattern.

0 20 40 60 80 100 The local moisture supply through surface
rank(<h) evaporation, which becomes more important
at low SSTs, can explain the changing wind

Figure 8. (a) Anomaly of 10 m wind speed and (b) surface latent heat flux,

sorted by column-integrated moist static energy, for five different SSTs pattern. As Flgure 6 (see also supporting
with Nordeng, using daily mean values averaged over the analysis period. information movie) demonstrates, at low

sfc. latent heat flux anom. [W m?]
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Table 3. Ratio of the Daily-Averaged Absolute Value of Vertically Integrated Moisture Convergence and of Surface Moisture Flux

([Vh - (Uq)| / (Eg/ps)), Column Water Vapor ((g)), Precipitation (P), Water Vapor Residence Time (t,), Vertical Velocity in the Subsidence
Region (wsyb), and Virtual Potential Temperature Difference Between 300 and 1000 hPa (@, —©,,,,) With Different SSTs in Nordeng,
Averaged Over the Analysis Period

Simulation |V - (dq)| / (Eg/ps) (q) [kgm ™3] Pmmd] t, [d] wsp hPad™'] Oy = O [K]
285K 1.20 8.6 23 3.8 36.8 15.0
290 K 1.26 14.0 2.8 5.1 30.7 194
295 K 1.56 21.7 3.1 7.0 25.8 249
300 K 2.38 31.1 34 9.1 238 30.6
305K 3.17 49.0 4.4 11.1 222 46.2

SSTs convection favors the edges of the largest subsidence regions. At the edges, the low-level flow con-
verges, creating more favorable conditions for convective activity, in particular because the high surface
wind speeds induce high surface heat fluxes (WISHE feedback). The size of large subsidence regions
decreases with time because convective structures propagate toward the center of the subsidence region,
always seeking the strongest surface fluxes, until the edges of another subsidence region are more favor-
able for convection. This is the reason for the fast movement of the convective structures at low SSTs.
Because of these dynamics, it is not surprising that the ratio of the globally averaged absolute value of verti-
cally integrated moisture convergence, |V} - (tig)|, and of surface moisture flux, £, shows an SST depen-
dence. The resulting dimensionless number 7y, which describes how much water vapor in a column stems
from horizontal convergence relative to surface evaporation, is close to 1 at low SSTs, and overall shows an
increase of about 4.7% K™ ', although less pronounced at low SSTs (Table 3).

Using thermodynamic reasoning, we can understand why, at low SSTs, surface moisture fluxes are relatively
more important than horizontal moisture convergence for the onset of convection. In equilibrium state, £
is equal to precipitation P, and |V, - (lig)| can be assumed to scale with the product of column water vapor
(q) and the average vertical velocity in the subsidence region, wsyp, from which the strength of the large-
scale overturning circulation can be inferred. The ratio of (q) and P defines the water vapor residence time
t,. So in total, y can be constrained by

A\
~ M ~ % Wsub ~ by Wsub- ©

Y
For a given strength of circulation, t, measures how local the precipitation is: a shorter residence time
implies that precipitation forms near where it evaporates, and suggests that latent heat fluxes are more
important for precipitation than they would be for the same circulation but a longer residence time. With
decreasing SST, t, strongly decreases because (q) changes more with SST than P does. In Nordeng, (g)
increases with 9.1% K~ (Table 3), and thus is in the same range as in other studies [0'Gorman and Muller,
2010; Muller et al., 2011]. While there is a super Clausius-Clapeyron (CC) scaling of (g), precipitation depends
less on temperature than CC [Held and Soden, 2006]. In Nordeng, precipitation increases with 3.2% K’
(Table 3), which is, compared to the hydrological sensitivity parameter in other studies [Flaschner et al.,
2016], a rather large rate of increase. The differences in SST dependence of (q) and P result in an increase of
t, by 5.7% K" (Table 3). Hence, in the absence of a changing large-scale circulation, precipitating convec-
tion is more tied to local surface moisture fluxes at low SSTs.

The average vertical velocity in the subsidence region, ws,, decreases in Nordeng by about —3.5% K™ ' at
low SSTs and by about —1.5% K" at high SSTs (Table 3). The subsidence velocity is thermodynamically
constrained by the ratio of diabatic cooling Q and static stability. The diabatic cooling, which is primarily
longwave cooling, does not increase at low SSTs, if anything, it decreases (Figure 9). Thus, the increase in
subsidence velocity (Figure 9) must be caused by a strong decrease in static stability, which overcompen-
sates the decrease in Q. Considering the whole troposphere, in radiative-convective equilibrium Q is propor-
tional to P and stability can be approximated from the virtual potential temperature difference between
1000 and 300 hPa:

Q P

76,700~ ® @

Dsyb ~ o

Voo V1000
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Figure 9. Moist static energy, contours of stream function (in black, counterclockwise, every 0.02 kg m 2 s~ ") and contours of cloud water content (liquid + ice, in white, every 0.03 g
kg™") (first column), vertical velocity (second column), warming associated with vertical motion (third column), and diabatic heating tendency (fourth column), plotted as a function of
pressure level and column-integrated moist static energy, for three different SSTs with Nordeng, using daily mean values averaged over the analysis period.

When constraining subsidence velocity with this approximation, a decrease rate of —2.2% K™ ' results (Table
3). In total, based on equations (6) and (7), y is thermodynamically constrained to increase with 3.4% K™,
which is a bit less than the actual rate of increase, 4.7% K~ '. The difference between the thermodynamically
constrained and actual rate of increase of y—as well as the SST-dependence of the actual rate of increase of
y—can mostly be explained with changes in convective self-aggregation. A higher degree of self-
aggregation is accompanied by a stronger overturning circulation and higher subsidence velocity. This
explains why y increases relatively slowly with SST as long as convective aggregation decreases with SST
(below 295 K), while y increases much faster as soon as convective aggregation increases with SST.

Below 295 K, convective self-aggregation increases with a similar rate with decreasing SST both with Nordeng
and HalfEntrN due to the WISHE feedback. In NoEntrN, the WISHE feedback is less effective because convec-
tion is less inhibited in the subsidence region, which is necessary for the formation of large subsidence
regions. In NoCnvPm, convection is too slow to react to the wind-induced variations in surface fluxes. Irrespec-
tive of that, NoCnvPm is extremely aggregated because of the extremely high h perturbations that are
required in the boundary layer for the onset of large-scale convection (see section 4.3). The WISHE feedback is
independent of cloud-induced cooling because when disabling the cloud-radiative effects in Nordeng, at low
SSTs surface fluxes are similarly large sources of (h) variance as with enabled cloud-radiative effects. This out-
come differs from Coppin and Bony [2015], as in their model enhanced longwave cooling from low-level
clouds is crucial for cold pool expansion and the initialization of convective self-aggregation at low SSTs.

5.3. Which Mechanisms Reinforce Convective Self-Aggregation at High SSTs?

An increase of convective self-aggregation with SST has been found with some GCMs [Coppin and Bony,
2015; Arnold and Randall, 2015] and some convection-permitting models [Khairoutdinov and Emanuel, 2010;
Wing and Emanuel, 2014; Hohenegger and Stevens, 2016], but with other convection-permitting models,
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only a very weak SST dependence was found [Wing and Cronin, 2016; Holloway and Woolnough, 2016], and
the governing mechanisms appear to differ among the models. On the one hand, Emanuel et al. [2014]
explain the SST dependence of convective self-aggregation with a temperature-dependent moisture-long-
wave radiation feedback, on the other hand, Beucler and Cronin [2016] show that the longwave feedback
likely is temperature-dependent, but that clouds and the vertical structure of humidity perturbations can
strongly modulate this, and, as a consequence, the longwave feedback could favor self-aggregation even at
lower SSTs. In contrast, Coppin and Bony [2015] relate the increase of convective self-aggregation at high
SSTs to a strengthening of the WISHE feedback.

In our model, the WISHE feedback cannot sustain convective self-aggregation at high SSTs because the
covariance of (h) and surface fluxes is negative at high SSTs, decreasing the (h) variance (Figure 7). Instead,
the fractional contribution of the moisture-radiation feedback to (h) variance increases with SST (Figure 7).
However, another self-aggregation mechanism is more directly related to the convective parameterization
and is of most importance at high SSTs. The vertical profiles in Figure 10 show that the SST increase induces
a temperature increase throughout the whole troposphere, while the relative humidity profile depends
nonsystematically on SST, changing only by about 10% in the low troposphere. Consequently, the absolute
humidity difference between the saturated air in the updraft and the environmental air increases, which
means that the same amount of entrained air can cause more evaporative cooling in the updraft. Hence,
the higher the SST, the more effective is entrainment in reducing updraft buoyancy. This is in agreement
with Singh and O'Gorman [2013] who find that an increase of saturation deficit with SST is accompanied by
an increase of CAPE. Greater saturation deficits require higher h perturbations and, as section 4.3 has shown,
large h perturbations are associated with a high degree of convective self-aggregation (and vice versa).

The SST-dependent entrainment efficiency explains why a moisture-convection feedback [or water vapor-
convection feedback, Tompkins and Semie, 2017] strengthens with increasing SST. Although Emanuel et al.
[2014] argue that a moisture-convection feedback is not crucial for self-aggregation, Craig and Mack [2013]
claim that it is the fundamental feedback. As this moisture-convection feedback directly depends on the
convective parameterization, convective self-aggregation is more parameterization-dependent at high SSTs
than at low SSTs. Convective self-aggregation increases at high SSTs most with Nordeng, where convection
is most sensitive to entrainment, while the increase of convective self-aggregation is weaker and only starts
at a higher SST when the entrainment rate is halved (HalfEntrN). In the two extreme cases, NoEntrN and
NoCnvPm, convective self-aggregation does not increase at high SSTs because in the first case, no environ-
mental unsaturated air is entrained into the updraft and in the second case, the explicit, large-scale convec-
tion is only weakly influenced by large-scale mixing.

Another mechanism which is commonly associated with convective self-aggregation, an upgradient trans-
port of h by a low-level overturning circulation [Bretherton et al., 2005; Muller and Held, 2012; Wing and Ema-
nuel, 2014; Muller and Bony, 2015], is apparent at high SSTs with Nordeng (Figure 9). A low-level overturning
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Figure 10. Profiles of atmospheric state variables for different SSTs with Nordeng, averaged over the analysis period and plotted as a function of pressure level. gs,x —q is the difference
between saturated specific humidity and domain-mean specific humidity.
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Table 4. Top-of-Atmosphere Radiation Imbalance Rroa, in W m~22

Simulation 285K 290 K 295K 300 K 305 K
NoCnvPm —14.0 —32.7 —38.1 —58.2 —726
Nordeng 22.8 74 6.8 15.7 —85
HalfEntrN 26.7 11.0 16.4 238 44
NoEntrN 326 20.7 29.9 26.0 133

“A strong decrease of Rroa With SST implies a small climate sensitivity.

circulation causes an upgradient h transport, partly compensating the downgradient h transport by the
deep overturning circulation. The overall h transport, calculated from the stream function in Figure 9, is
29%, smaller at 305 K than at 300 K SST. For the formation of the low-level overturning circulation, a cooling
profile in the subsidence region that is more bottom-heavy than the stability profile is the key ingredient
(following equation (7)). However, though radiative cooling from low clouds has been found to be a neces-
sary condition for a low-level overturning circulation during the initialization of self-aggregation [Muller and
Held, 2012], this is not a necessary condition in the later stages of self-aggregation discussed here because
the low-level circulation prevails even when cloud-radiative effects are disabled. Instead, a strong gradient
in relative humidity at the top of the boundary layer is sufficient to cause enough low-level cooling to trig-
ger the low-level overturning circulation. The low-level overturning circulation occurs at high SSTs with Nor-
deng, HalfEntrN, and NoEntrN, and the governing mechanisms seem to be relatively independent of the
convective parameterization.

6. Does Convective Self-Aggregation Have an Effect on Climate Sensitivity?

Climate sensitivity can be estimated from simulations with different prescribed SSTs based on how the TOA
energy budget changes with SST, in analogy to Cess et al. [1989, 1990, 1996] and many others. Over the
whole range of SSTs, the TOA energy budget changes most with NoCnvPm, followed in decreasing order
by Nordeng, HalfEntrN, and NoEntrN (Table 4). Thus, simulations with strong self-aggregation have on aver-
age smaller climate sensitivities. This is presumably related to the uneven horizontal distribution of cloud
and water vapor, reducing the impact of two positive feedbacks, the cloud and water vapor feedback. In
those simulations where self-aggregation increases with SST, with Nordeng and HalfEntrN at high SSTs, cli-
mate sensitivity is small (Table 4). However, these results should be interpreted with caution because cli-
mate sensitivity varies very strongly among the simulations, and there are some ranges where the TOA
energy imbalance increases with SST, suggesting that in a mixed-layer ocean simulation there could be
jumps between a warm state and a cold state within some simulations. These occurrences of implied nega-
tive climate sensitivity are associated with low-level cloud fraction changes (Figure 10), leading to strong
rates of increase of absorbed solar radiation with SST.

7. Summary and Conclusions

In this study, we examine how the SST dependence of large-scale convective self-aggregation depends on
the convective parameterization. For this purpose, we use the general circulation model ECHAM6 in a non-
rotating RCE framework and perform a sensitivity study, changing both the globally uniform SST and the
convective parameterization, in particular the entrainment rate. In the analysis, we focus on the stationary
state to infer from the large-scale statistics, for example, from the vertically integrated distribution of moist
static energy (h), how convection couples to the large-scale circulation, and how the mechanisms that sus-
tain convective self-aggregation differ among the simulations.

We find that the convective parameterization alters the structure of the troposphere through a global reor-
ganization of the large-scale circulation. The emergence of self-aggregation dominates the large-scale sta-
tistics, making it difficult to find the trace of how convection is parameterized in the statistics, beyond the
fact that the degree of convective self-aggregation depends substantially on the way in which convection is
parameterized. The higher the entrainment rate, the higher the buoyancy at cloud base has to be to com-
pensate for the less buoyant air that gets entrained. Stronger perturbations of moist static energy in the
boundary layer are associated with enhanced convective self-aggregation for two reasons. First, strong h
perturbations can only be created if convection is aggregated on large scales. And second, the high
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variance of h stabilizes the subsidence region against convection. Whether the h perturbations cause self-
aggregation, or whether self-aggregation creates the h perturbations, cannot be distinguished, they just
come together.

Large-scale convective self-aggregation is independent of SST when setting the entrainment rate for deep
convection to zero, or when removing the convective parameterization from the model. In the first case
self-aggregation is always weak, while in the latter case self-aggregation is always very strong. With a non-
trivial representation of convective entrainment, we observe a nonmonotonic dependence of large-scale
convective self-aggregation on SST. At low SSTs, the large-scale water vapor transport is relatively small
compared to local surface fluxes, constraining convective activity to regions with high wind-induced surface
moisture fluxes. Thus, for SSTs below 295 K, the increase of convective self-aggregation with decreasing SST
can be explained with the wind-induced surface heat exchange (WISHE) feedback being most important at
low SSTs. With Nordeng, convective self-aggregation increases with SST for SSTs above 295 K, while when
halving the entrainment rate (HalfEntrN), self-aggregation only increases with SST for SSTs above 300 K. The
reason is that the saturation deficit increases with increasing SST, enabling the same amount of entrained
air to reduce updraft buoyancy much more efficiently, strengthening the moisture-convection feedback.
Consequently, the setup with the highest entrainment rate (Nordeng) shows the strongest increase of con-
vective self-aggregation at high SSTs because larger h perturbations and more convective self-aggregation
are necessary to sustain deep convection in a warm atmosphere. Additionally, a strong moisture-longwave
radiation feedback and a low-level overturning circulation help to maintain convective self-aggregation at
high SSTs.

To conclude, we show that the mechanisms involved in sustaining convective self-aggregation depend on
the convective parameterization and that inaccuracies in the parameterization of convection may affect the
degree of convective self-aggregation and thus the interaction with the large-scale circulation substantially.
Different entrainment rates might explain to some degree why previous literature finds so many different
paths to self-aggregation, in particular when convection is parameterized. Especially at high SSTs, a realistic
convective parameterization is of crucial importance because convective self-aggregation is mostly con-
strained by thermodynamic processes that directly depend on the convective parameterization, that is,
entrainment efficiency, static stability, and radiative cooling. From this perspective, it may well be that the
most important task of a convective parameterization is to get the degree of convective aggregation right.
An interesting approach might be to tune convective parameterizations based on some metric of convec-
tive aggregation in real-world simulations or observations.

This study emphasizes the importance of a realistic convective parameterization for modeling convective
self-aggregation. Assumptions and uncertainties introduced by the convective parameterization have a
strong influence on how the RCE climate organizes and responds to warming. With respect to climate
change, this study implies that the entrainment rate is of particular importance for future projections
because of its influence on large-scale convective self-aggregation at high SSTs.
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