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Abstract

The tropical temperature in the free troposphere deviates from a theoretical moist-adiabat. The overall deviations are attributed
to entrainment of dry surrounding air. The deviations gradually approach zero in the upper troposphere, which we explain
with a buoyancy-sorting mechanism: the height to which individual convective parcels rise depends on parcel buoyancy, which
is closely tied to the impact of entrainment during ascent. In higher altitudes, the temperature is increasingly controlled by the
convective parcels that are warmer and more buoyant, because of weaker entrainment effects. We represent such temperature
deviations from moist-adiabats in a clear-sky one-dimensional radiative-convective equilibrium model. Compared with a moist-
adiabatic adjustment, having the entrainment-induced temperature deviations leads to higher climate sensitivity. As the impact
of entrainment depends on the saturation deficit which increases with warming, our model predicts even more amplified surface

warming from entrainment in a warmer climate.
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Key Points:

e The tropical temperature profile in the free troposphere deviates from that fol-
lowing a moist-adibatic lapse rate.

e The deviations from the moist-adiabatic lapse rate can be explained by entrain-
ment with a buoyancy-sorting mechanism.

« The temperature deviations from moist-adiabats increase climate sensitivity.
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Abstract

The tropical temperature in the free troposphere deviates from a theoretical moist-adiabat.
The overall deviations are attributed to entrainment of dry surrounding air. The devi-
ations gradually approach zero in the upper troposphere, which we explain with a buoyancy-
sorting mechanism: the height to which individual convective parcels rise depends on par-
cel buoyancy, which is closely tied to the impact of entrainment during ascent. In higher
altitudes, the temperature is increasingly controlled by the convective parcels that are
warmer and more buoyant, because of weaker entrainment effects. We represent such tem-
perature deviations from moist-adiabats in a clear-sky one-dimensional radiative-convective
equilibrium model. Compared with a moist-adiabatic adjustment, having the entrainment-
induced temperature deviations leads to higher climate sensitivity. As the impact of en-
trainment depends on the saturation deficit which increases with warming, our model
predicts even more amplified surface warming from entrainment in a warmer climate.

Plain Language Summary

The tropical temperature structure is determined by regions with deep convection,
which is believed to be moist-adiabatic. However, both models and observations show
that the temperature deviates from moist-adiabats. This is because convective parcels
often mix with dry environmental air during ascent, pushing the temperature away from
the moist-adiabatic structure. More importantly, the tropical temperature is not dom-
inated by one or a few strongest convective plumes, but rather controlled by the com-
bined effect of many convective plumes of different strengths and depths. Therefore, the
tropical temperature structure reflects the composition of convection happening at dif-
ferent values of boundary-layer energy and mixing processes of variable efficiency with
the environment. Using an idealized model, we find that representing such a deviation
in the temperature structure increases the surface warming, because the resulting tem-
perature lapse rate is more similar to a constant lapse rate, showing less temperature in-
crease higher up than a moist-adiabatic lapse rate. This effect is likely amplified in a warmer
climate due to this mixing process becoming more efficient in pushing the temperature
further away from moist-adiabats.

1 Introduction

A moist-adiabatic process describes when a moist air parcel ascends, it cools as it
expands and condenses due to saturation. By releasing the fusion enthalpy, condensa-
tion acts to partially compensate the cooling due to expansion. The whole process oc-
curs adiabatically without exchanging heat with the environment. The temperature lapse
rate of an air parcel that undergoes this undiluted ascent process is a moist-adiabatic
lapse rate. The temperature in the tropical free troposphere is generally believed to fol-
low a moist-adiabatic lapse rate, because gravity waves generated by deep convection rapidly
homogenizes the horizontal buoyancy anomaly so as to adjust the density temperature
in the non-convecting regions to that in the convecting regions (Bretherton & Smolarkiewicz,
1989; Mapes, 1993; Sobel & Bretherton, 2000). Therefore, the free-tropospheric temper-
ature in the tropics is set by the regions with deep convection. The key element in the
moist-diabatic definition is that the entire process does not exchange heat with the en-
vironment, which is rather something too ambitious to achieve in a realistic context. Still,
the moist-adiabatic temperature structure in the tropical atmosphere is supported by
some observational studies (Betts, 1986; Xu & Emanuel, 1989).

One idea that goes against a moist-adiabatic thermal structure is that the trop-
ical temperature may not be determined by one or a few strongest convective plumes,
but rather by the mean effect from all convection occurring. As a result, to stay moist-
adiabatic throughout the entire free troposphere, the mean convection, consisting of nu-
merous convective parcels, has to be moist-adiabatic. This is an unrealistic idea, because
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already the convection that undergoes moist-adiabatic ascent is extremely rare (Romps
& Kuang, 2010). Studies using storm-resolving simulations (SRMs) in idealized config-
uration of radiative-convective equilibrium (RCE) show that the tropical temperature
tends to deviate from moist-adiabats, because the saturated convective air parcels of-

ten mix with the unsaturated environmental air, a process which is referred to as entrain-
ment (Singh & O’Gorman, 2013, 2015; Seeley & Romps, 2015). Entrainment reduces the
temperature by pushing the convective air parcels away from the original moist-adiabatic
trajectories. These results suggest that the assumption of a moist-adiabatic structure

of tropical temperature may be too simplistic.

To what extent does the tropospheric temperature obey the moist-adiabatic lapse
rate? The answer is central to understanding some of the fundamental questions of cli-
mate change. The vertical structure of atmospheric warming matters for radiation in two
ways: it directly controls the thermal emission of an atmospheric layer, and limits the
abundance of water vapor through its saturation value which varies with temperature.
These are particularly important for the radiative response to warming which is often
quantified by the lapse-rate and water vapor feedbacks. For a moist-adiabatic thermal
structure, the enhanced tropospheric warming aloft relative to the surface allows more
longwave emission to space than would be the case for a constant lapse rate, enabling
a cooler surface temperature: a negative feedback. However, this negative lapse-rate feed-
back is largely counteracted by the corresponding increase of water vapor following roughly
the Clausius-Clapeyron relation (Soden & Held, 2006). More water vapor reduces emis-
sivity, leading to warmer surface temperatures: a positive feedback. Changes in this sub-
tle balance between the negative lapse-rate feedback and positive water vapor feedback
can strongly affect the net feedback, leading to contrasting changes in the equilibrium
climate sensitivity (ECS), which is defined as the steady-state temperature increase due
to a doubling of the atmospheric COy concentration. It has been shown that the same
fractional increase of water vapor at different height alters the net feedback, leading to
large changes in ECS (Soden & Held, 2006; Bourdin et al., 2021). Thus, a small depar-
ture from the moist-adiabatic structure can potentially have a large impact on the ECS
as well.

In this study, we look at the vertical temperature structure and seek to better un-
derstand the deviations from moist-adiabats. For simplicity, the moist-adiabatic calcu-
lation in this study adopts the pseudo-adiabatic formula as used in Bao and Stevens (2021).
Furthermore, we investigate the impact of such temperature deviations on climate sen-
sitivity. The climate sensitivity that we focus on is the clear-sky part of ECS, which we
refer to as the clear-sky climate sensitivity (S). We first look into the tropical lapse rate
by analyzing the data from a global storm-resolving model. Then a simple hypothesis
is proposed to explain the variations in the lapse rate by entrainment of dry environmen-
tal air. Based on this hypothesis, we represent the new temperature profile by taking into
account the temperature deviations from moist-adiabats in a one-dimensional clear-sky
RCE model— konrad. Finally, we use this model to quantify the impact of temperature
deviations from moist-adiabats on S.

2 Modeling convection

2.1 Tropical temperature deviates from moist-adiabat due to the im-
pact of entrainment

We start by investigating the tropical temperature structure from a global storm-
resolving model-ICON (ICOsahedral Non-hydrostatic model; Zéngl et al., 2015; Hoheneg-
ger et al., 2020). The model is configured to run at a quasi-uniform horizontal mesh of
2.5km for 40 days from August 1 in 2016. The data from the last ten days of the sim-
ulations are used in the analysis. The initial conditions are from the global meteorolog-
ical analysis at a grid spacing of 9.5 km from the European Center for Medium Range
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Figure 1. Differences in temperature (AT; a) and saturation equivalent potential temperature
(Afes; b) simulated by ICON relative to their corresponding moist-adiabatic profiles. Differ-
ences are shown for the tropic mean state (red) and the moist regions (colors from yellow to blue
correspond to the 90th, 99th, 99.9th, 99.99th and 99.999th percentile of precipitable water).

Weather Forecasts (ECMWTF) and the lower boundary conditions are daily observed sea
surface temperatures. Details about the model setup are provided by Hohenegger et al.
(2020). Here we focus on the tropical ocean regions over 10°N-10°S.

Figure 1a shows that the tropical temperature profile is substantially colder than
the theoretical moist-adiabat, and this deviation is larger in dry regions where the im-
pact of entrainment is increased. A similar picture is also seen with saturation equiv-
alent potential temperature (0es). The largest deviation of 85 occurs in the mid-troposphere
(600 hPa). Above that, the deviation reduces with height. As 6. is a constant for the
moist-adiabatic conditions, Figure 1b shows that 6.5 increases with height above 600 hPa
in the ICON simulations.

Such deviation from the moist-adiabat has been attributed to entrainment in con-
vective clouds of environmental air that is usually drier than the parcel itself. This tends
to reduce the temperature and pushes the air parcel away from saturation. However, this
entrainment effect can only explain the temperature reduction in the lower troposphere.
It fails to explain why 6.5 in relatively drier conditions increases above 600 hPa as shown
in Fig. 1b. In fact, the increase in 6.5 with decreasing pressure implies that the temper-
ature in the free troposphere is not regulated by the warmest convection with the high-
est Oqs. If it were so, then this warmest convection would essentially kill all other con-
vection and set the thermal structure of the troposphere, and 6.5 would at best stay ver-
tically constant, which is not case as seen in Fig. 1b.

We hypothesize that the mean tropical thermal structure reflects the composition
of convection happening at different values of boundary-layer equivalent potential tem-
perature (6.) and mixing more or less with the environment while rising up, as the tem-

perature in the free troposphere is not determined by the one or a few strongest (or warmest)

convection, but rather by the mean convection, which represents a combined effect from
all convection occurring over each height. This can be understood with Fig. 2. The trop-
ical atmosphere is composed of numerous convective systems. While most convection can
reach a relatively lower altitude, the chance of convection occurring at a higher altitude
is smaller, and even less can survive up to the tropopause. In order for an air parcel to
reach a relatively higher altitude, this parcel has to maintain its positive buoyancy rel-
ative to the surrounding environment. Entraining the environmental air into the updraft
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Figure 2. A schematic of tropical convection and temperature. Colors at the surface repre-
sents the sea surface temperature. Blue arrows represent the entrainment process. The height of

the convective top is denoted by z;. The freezing level is denoted by zy.

would successively prevent the parcel from rising higher. As the height that each con-
vective parcel can reach depends on the parcel buoyancy, the upper troposphere is in-
creasingly dominated by the convective parcels that are warmer and more buoyant. These
parcels usually arise in relatively more humid environment so that they can maintain the
positive buoyancy. We refer to this height-dependence of parcel buoyancy as the buoy-
ancy sorting of convection. Thus, above a certain level where most air parcels cease to
rise, 05 increases with height as shown in Fig. 1b, because only the more buoyant air
parcels with larger 6.5 can continue rising up. This level appears to coincide with the
freezing level, which is a stable layer as observed in Johnson et al. (1999) and tends to
inhibit cloud growth and promote cloud detrainment (Stevens et al., 2017). The buoyancy-
sorting mechanism is broadly consistent with a recent study by Zhou and Xie (2019) who
proposed that the tropical mean temperature structure could not be represented by one
convective plume, but rather by a spectral of plumes with different entrainment rates.

2.2 Representing the temperature deviations from entrainment in kon-
rad

We aim to represent the temperature profile that takes into account the deviation
from the moist-adiabat in a clear-sky one-dimensional RCE model — konrad (Dacie et
al., 2019; Kluft et al., 2019). In konrad, the original convective adjustment assumes that
the temperature follows exactly a moist-adiabatic lapse rate, based on the surface tem-
perature calculated by a slab-ocean model. To represent the temperature reduction from
the impact of entrainment, we adopt the formula derived from the zero-buoyancy entrain-
ing plume model by Singh and O’Gorman (2013). The simulated temperature profiles
are compared with the tropical mean profile averaged over the period of 2006-2015 from
the ERA5 reanalysis data (Hersbach et al., 2019).

Here we briefly review the main idea of the zero-buoyancy entraining plume model.
The zero-buoyancy entraining plume assumes the cloud buoyancy is small. As the plume
is saturated at the environment temperature above the cloud base, this allows us to de-
rive the temperature reduction due to entrainment from the plume moist static energy
(MSE) budget:

o = el — he) = —ebuld; — ave) (1)

where € is the entrainment rate, h* is the saturated MSE at the environment temper-
ature, he is the MSE of the environment, ¢, is the latent heat of evaporation, ¢ is the
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saturation specific humidity at the environment temperature, and ¢, is the specific hu-
midity of the environment.

The MSE of an undiluted parcel (hy) is conserved (4 = 0). This makes the sat-

uration MSE (h}) above the cloud base also conserved such that CZLZ‘*‘ = 0. By subtract-
ing Eq.(1), we get

d(h — h* .

% = ely (¢ = Qve)- (2)

From Eq.(2), we integrate vertically to get the temperature reduction from the im-
pact of entrainment (AT):

1 z
AT(z) = — / ety (1 — RH)q'd2/, 3)
Cp + 4y 87\", b

where ¢, is the isobaric specific heat capacity of the dry air, RH is the environmental
relative humidity: RH ~ gy./q}, and 2z is the height of the cloud base. Equation (3)
shows that the temperature reduction from the impact of entrainment depends on the
entrainment rate as well as the saturation deficit. Following Romps (2014), RH is pre-
dicted by temperature which exhibits a C shape and is roughly temperature invariant

in the free troposphere (Fig. 3a). The results are qualitatively consistent if a constant
RH profile is used. We use a fixed entrainment rate profile defined as e(z) = €y/z and

€0 is the entrainment parameter. Because konrad uses pressure as its vertical coordinate,
the variables simulated by konrad are converted from pressure to height assuming hy-
drostatic balance before they are used in Eq. (3).

The temperature deviation term is not computed strictly from the entraining plume
model. For simplicity, we utilize the formula (Eq. (3)) derived from the model and cal-
culate the temperature deviation term directly. The final temperature profile is obtained
by subtracting this temperature deviation term from the temperature assuming the moist-
adiabatic adjustment. So we first calculate the moist-adiabatic temperature profile based
on the surface temperature, and then use this temperature profile to compute ¢ in Eq. (3).
Although ¢ corresponds to the saturation specific humidity of the environment, such
a simplification would not qualitatively alter the results. Most importantly, the key im-
pact of climate change, that is the Clausius-Clapeyron increase of ¢}, is captured.

One major issue with the zero-buoyancy entraining plume model is that it assumes
that the temperature in the free troposphere is controlled by the mean convection, but
fails to represent the buoyancy sorting of convection. As a result, the upper-tropospheric
temperature depicted by the model is unrealistic. Here to account for the reduced en-
trainment effect with height, AT (z) in Eq. (3) is weighted by a coefficient £(z) defined
as:

ioa )’ <2<
€)= \zp—2) B ™P=7=7% (4)

0, elsewhere

where z; is the height at the convective top which is determined as the highest level to
which convective adjustment is applied, and zj, is the cloud base height which, for sim-
plicity, is kept at the height corresponding to a constant pressure of 960 hPa. £(z) varies
from 1 at the cloud base to 0 at the convective top, mimicking the reduced entrainment
effect with increasing height. The exponent value is tuned so that the temperature de-
viations are more realistic and Fig. 3b shows that our implementation by weighting the
Eq. (3) with Eq. (4) reproduces similarly the characteristics of temperature deviations
as those in ERA5.
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Figure 3. (a) Profiles of Relative humidity (RH) in temperature coordinates from the control
(CTL) simulations with different CO2 concentrations. (b) Profiles of temperature deviations
(AT) from moist-adiabats from konrad simulations of 1xCO; with different entrainment pa-
rameter (&), ERA5, ICON and CMIP6 (black line: multi-model ensemble; grey lines: individual
models). (c) Profiles of temperature deviations (AT') from moist-adiabats from konrad simula-

tions with different CO2 concentrations and ey = 0.4.

We use konrad to quantify the impact of entrainment-induced deviations from moist-
adiabat on the equilibrium surface temperature. Radiation is calculated using the RRTMG
radiation scheme (Mlawer et al., 1997). The trace gas concentrations are consistent with
those specified in the Radiative-Convective Equilibrium Model Intercomparison Project
(RCEMIP; Wing et al., 2018). The default COy concentration is 348 ppmv. First we run
a simulation with the moist-adiabatic adjustment at a fixed SST of 298 K. The output
from this simulation at the equilibrium state is used to initialize a set of experiments that
is forced with a range of CO5 concentrations from 0.25 to 2 times the default CO5 con-
centration. In these simulations, the heat sink of the slab ocean model is set to be the
top-of-atmosphere net radiative flux of the fixed SST experiment. For each CO5 concen-
tration, simulations are performed with two different convective adjustment options: the
moist-adiabatic adjustment and the entrainment adjustment. The entrainment effect is
investigated by varying the entrainment parameter ¢y from 0.2 to 0.6. The simulations
with the moist-adiabatic adjustment are the control experiments (CTL) and can be viewed
as €9 = 0. Additionally, to assist in interpretation, we run simulations with a fixed lapse
rate of 6.5 Kkm™!.

When estimating forcings and feedbacks, we want to compare simulations that only
differ in their CO5 concentrations. Therefore, each perturbed simulation is initialized with
data from a simulation that uses the same configuration but the default CO5 concen-
tration. In this study, S is calculated as the SST change from those simulations of a dou-
bling of COs relative to the inital SST. The forcing AFsyco, is the radiative imbalance
per COs doubling. Then the climate feedback parameter is defined as:

_ AFyxco,

A= S (5)

Here we obtain A by regressing AFsxco, against ASST for each time step, following a
method introduced by Gregory et al. (2004), and X is given by the regression slope. It
is worth noting that we are focusing on the clear-sky part of ECS, because all simula-

tions are performed under clear-sky conditions.
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tions of 1xCOs.

¢) Lapse rate (LR) as a function of atmospheric temperature (7") from simula-

Table 1. Summary of the clear-sky climate sensitivity (S), forcing (AFzxco,) and feedback
(A)-

Experiments S/K  AFyyco,/Wm™2  A\/Wm2K~!

CTL 3.14 4.71 —1.50
€p=0.2 3.31 4.74 —1.43
€0=0.4 3.49 4.80 -1.37
€0=0.6 3.59 4.79 -1.33
LR fixed 3.82 4.83 —1.26

3 Lapse-rate effects on climate sensitivity

Figure 3b shows the profiles of temperature deviations from the moist-adiabats sim-
ulated by konrad. Due to the impact of entrainment, the free troposphere is colder. This
cooling effect is increased with a larger entrainment parameter (ey). The profile simu-
lated by konrad with ¢y = 0.2 best fits the ERAS5 profile. Thus, by including a weighted
temperature deviation term derived from the zero-buoyancy entraining plume model, our
implementation in konrad well captures the main characteristics of the tropical temper-
ature structure.

Figure 4a shows SST in equilibrium from the konrad simulations. In the control
simulations which uses a moist-adiabatic adjustment, SST is the lowest, increasing from
293.1 K in 0.25xCO3 to 301.1 K in 2xCO4. The highest SSTs occur in simulations with
a fixed lapse rate, ranging from 294 K in 0.25xCO4 to 303.5K in 2xCO5. With the im-
pact of entrainment, SST values changes between those from the control simulations and
those from simulations with a fixed lapse rate. With the same COs concentration, a stronger
entrainment effect (larger €p) tends to increase SST. Increasing CO2 concentration fur-
ther amplifies the surface warming due to entrainment. This is because according to Eq. (3),
the impact of entrainment in reducing the temperature is more pronounced in a warmer
climate due to the upward shift in the height of convection and also the increase in the
saturation deficit that is controlled by the Clausius-Clapeyron relation (Fig. 3c). Thus,
our model predicts that even with the same entrainment rate, the temperature devia-
tions from entrainment can lead to more amplified surface warming as COz concentra-
tion increases. This extra warming effect will add up to the expected warming from ris-
ing CO9 concentration, promoting an even warmer climate.

With a larger entrainment effect, S increases consistently from 3.1 K in CTL to 3.6 K
in the simulation of ¢g = 0.6 (table 1). This is mainly because of the reduction in A.
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In general, cooling in the free troposphere would weaken the lapse-rate feedback. This

is usually balanced by a corresponding decrease in the positive water vapor feedback. How-
ever, as the feedback decreases with stronger entrainment effect, it suggests that the pos-
itive water vapor feedback does not weaken as much to balance the reduction in nega-

tive lapse-rate feedback. This is consistent with Bourdin et al. (2021) who used the same
model and found that the changes in the lapse-rate feedback dominates at low absolute
humidities for a vertically uniform profile of RH<0.75 at roughly present-day temper-
ature. Due to changes in the effective emission height, perturbing the humidity at dif-
ferent heights in the troposphere can lead to contrasting responses in S: increasing the
water vapor in the upper troposphere enhances S, while increasing the water vapor in

the lower mid-troposphere reduces S (Bourdin et al., 2021). As a result, the total feed-
back change and S are controlled by the lapse rate change. Indeed, entrainment cool-

ing causes drying in both the upper and lower troposphere. While drying in the upper
troposphere tends to reduce S, this is compensated, at least partially, by the drying in

the lower troposphere which increases S. Therefore, the total water vapor feedback change
is moderated. Meanwhile, we find that a larger entrainment effect alters the lapse rate

in a way that more closely resembles a constant lapse rate (Fig. 4c). Therefore, the neg-
ative lapse-rate feedback is weakened and S is enhanced.

Finally, we compare the results from the Atmospheric Model Intercomparison Project
(AMIP) experiments by the models taking part in CMIP6 (Coupled Model Intercom-
parison Project Phase 6; Eyring et al., 2016). We select the data over the period of 2006
2015 and calculate the tropical mean temperature deviations from moist-adiabats. In
general, CMIP6 models are able to represent the overall temperature deviations from moist-

adiabats, albeit with substantial spread in the free troposphere by individual models (Fig. 3b).

The temperature deviations in CMIP6 are roughly equivalent to those simulated in kon-
rad with €y between less than 0.2 and 0.4 in konrad. This would lead to 0.2 K~0.3 K spread
in S§. The spread in § in our simulations is mainly driven by a decrease in A. Note, that
this change in clear-sky A could cause a larger spread in all-sky ECS due to the non-linear
dependence of climate sensitivity on the feedback parameter. Hence, the simulated bi-

ases would be expected to contribute to the uncertainties in model estimation of ECS.

4 Conclusions

We show that the tropical temperature in the free troposphere deviates substan-
tially from a theoretical moist-adiabat in a global storm-resolving model. The overall de-
viations are attributed to the impact of entrainment — the mixing of saturated convec-
tive air parcels with unsaturated environmental air. The temperature deviations approach
zero in the upper troposphere, which we explain with a buoyancy-sorting mechanism:
the height to which individual convective parcels rise depends on its buoyancy, which is
closely tied to how much environmental air it entrains during ascent. While the lower
troposphere, which is easier to reach, is dominated by most of the convection, the up-
per troposphere is increasingly controlled by the convection that is warmer and more buoy-
ant, and is less affected by entrainment.

We represent such temperature deviations from moist-adiabats in a clear-sky one-
dimensional RCE model and quantify its impact on the clear-sky climate sensitivity (S).
The temperature deviation term is represented by weighting the formula derived from
a zero-buoyancy entraining plume model with a height-dependent coefficient. We show
that this idealized representation of entrainment is capable of producing temperature pro-
files more similar to the ERA5 reanalysis. Compared with a strict moist-adiabatic ad-
justment, having this entrainment-induced temperature deviation leads to higher S, be-
cause entrainment alters the lapse rate in a way that more closely resembles a constant
lapse rate. Notably, as the impact of entrainment depends on the saturation deficit which
increases with warming due to the Clausius-Clapeyron relation, this model predicts even
more amplified surface warming from entrainment in a warmer climate.
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Although uncertainties in projected warming are largely contributed by the cloud
feedback, this study emphasizes the importance of understanding how the clear-sky feed-
backs change with warming. The CMIP6 model ensemble is capable of replicating the
observed temperature deviations from moist-adiabats. Still, the spread in temperature
deviations among individual models can contribute to the S uncertainty of 0.2 K~0.3 K.

Entrainment and its impact on lapse rate can potentially influence clouds and cir-
culation which are not represented by our simple model. Results from idealized RCE sim-
ulations show that increased impact of entrainment can lead to more organized convec-
tion (Tompkins & Semie, 2017), and climate sensitivity is associate with changes in the
degree of organization (Becker & Wing, 2020). A recent observational study showed that
deep convective organization modulates tropical radiation budget which is expected to
affect climate sensitivity (Bony et al., 2020). Thus, an improved understanding of the
impact of entrainment on climate sensitivity through clouds and circulation is desired.
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