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Abstract:

Tropical-mean tropospheric temperatures are lower than those predicted by the moist
adiabatic lapse rate. The differences AT between tropical-mean temperatures and a moist adiabat
increase notably in climate change simulations, with implications for trends in CAPE and
tropical temperatures. The increases in AT under climate change have been interpreted as a
consequence of a fixed convective entrainment rate acting on increases in the saturation deficit
between undilute convecting plumes and the environment. Here we use a zero-buoyancy
entraining plume model to argue that the increases in AT found in climate change simulations
can only be reproduced when the entrainment rate also increases substantially with temperature.
The relationship between temperature and the entrainment rate implied by the plume model is
roughly linear and is reproducible when the model is constrained by observations. The implied
increases in the entrainment rate with global warming have implications for long-term changes in

both the mean and variance of tropical temperatures.

1. Introduction

The vertical profile of tropical-mean tropospheric temperatures T is strongly constrained
by the physics of the moist adiabatic lapse rate. To zero-order, temperatures in convecting
regions closely follow a moist adiabat since the air is saturated, and temperatures in convecting
regions are rapidly communicated to clear-sky regions through atmospheric dynamical processes
(Charney 1963; Stone and Carlson, 1979; Sobel and Bretherton 2000). However, T also exhibits
well-known departures from those predicted by the moist adiabat.

The differences between tropical-mean temperatures and a moist adiabat (AT) are robust
in the climatological-mean. Tropical-mean temperatures are several degrees lower than those
predicted by a moist adiabat in both observations (Singh and O’Gorman 2013; Keil et al., 2019)
and control simulations run on fully coupled Earth System Models (ESMs; Po-Chedley et al.
2019; Keil et al., 2019; Miyawaki et al. 2020). Importantly, the differences AT are also expected
to increase under climate change. Numerical simulations forced with increasing greenhouse
gases widely indicate robust increases in AT in response to rising temperatures (Santer et al.
2005; Sobel and Camargo 2011; Fasullo 2012; Zhou and Xie, 2019; Miyawaki et al. 2020; Bao

and Stevens 2021; Bao et al. 2021). The simulated increases in AT are associated with notable
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increases in convective available potential energy (CAPE) (Romps 2011; Muller et al. 2011;
Singh and O’Gorman 2013; Seeley and Romps, 2015), with implications for increases in
lightning strikes (Romps et al., 2014), the strength of convective updrafts (Singh and O’Gorman
2013), and climate sensitivity (Bao and Stevens 2021). The detection of observed trends in upper
tropical tropospheric temperatures - and thus tropical AT - is complicated by, for example, the
influence of stratospheric layers on remotely sensed retrievals of upper tropospheric
temperatures and biases in radiosonde measurements (e.g., Santer et al., 2005, 2017; Flannaghan
et al., 2014; Steiner et al., 2020). Nevertheless, analyses of ERA-40 (e.g., Riemann-Campe et al.,
2009), radiosonde data over the tropics (e.g., Gettelman et al. 2002; Santer et al. 2005),
radiosonde data over NH midlatitudes (Chen and Dai 2023), and both radiosonde and microwave
sounding products over the tropics (e.g., Steiner et al., 2020; c.f., Fig. 13) generally suggest
changes in tropical temperatures that are indicative of increases in AT or increases in CAPE.

Why does AT - and thus CAPE - increase under global warming? In the climatology, the
depression of tropical temperatures relative to a moist adiabat is thought to arise from the mixing
of relatively dry environmental air into convecting plumes through entrainment. The importance
of convective entrainment can, in turn, be decomposed into two factors: a) the entrainment rate &,
which reflects the amplitude of turbulent mixing and also the distribution of convective plumes
across the tropics; and b) the differences in moist static energy Ah between convecting plumes
and the surrounding environment. The changes in AT under climate change are thought to arise
primarily from increases in Ah, since the differences in moist static energy between plumes and
the surrounding environment scale with the saturation vapor pressure of the air (Singh and
O’Gorman 2013). Here we argue that the changes in AT found in climate change simulations are
only partially accounted for by changes in Ah, and are also indicative of substantial increases in
the entrainment rate &.

The paper is organized as follows. Section 2 outlines the data sources and analysis
technique. Section 3 confirms that tropical-mean tropospheric temperatures 7 are less than those
predicted by the moist adiabat in both observations and climate simulations, and that AT
increases notably with temperature. In Section 4, we demonstrate using the zero-buoyancy plume
model of Singh and O'Gorman (2013) that the variations in AT found in both climate change
simulations and observations are underestimated by the attendant changes in Ah, and are only

reproducible if the entrainment rate is assumed to increase roughly linearly with atmospheric
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temperature. In Section 5 we argue that the near-linear relationship between temperature and the
entrainment rate has substantial implications for long-term changes in both the mean and

variance of tropical temperatures. Conclusions are provided in Section 6.

2. Data and analysis

The primary climate model results are derived from the 40 member large-ensemble of
simulations run on the National Center of Atmospheric Research (NCAR) Community Earth
System Model version 1 over the period 1950-2100 (NCAR CESM1; Hurrell et al. 2013, Kay et
al. 2015). The output is publicly available via the NCAR Multi-Model Large Ensemble Archive
(MMLEA; Deser et al., 2020) and archived on resources sponsored by the US Climate and
Ocean Variability, Predictability and Change (CLIVAR) Working Group on Large Ensembles
and National Science Foundation/Computational and Information Systems
Laboratory/Yellowstone. The experiments are integrated with Coupled Model Intercomparison
Project Phase 5 (CMIP5) historical forcing from 1920 to 2005 and Representative Concentration
Pathways 8.5 (RCP8.5) forcing over the period 2006-2100. Key numerical results are reproduced
using output from large-ensembles run on three other Earth system models: The Commonwealth
Scientific and Industrial Research Organisation Mk3.6 (30 simulations; Jeffrey et al., 2013), the
Canadian Centre for Climate Modeling and Analysis CanESM2 (50 simulations; Kirchmeier-
Young et al. 2017), and the Geophysical Fluid Dynamics Laboratory ESM2M (30 simulations;
Rodgers et al. 2015). All results are based on annual-mean output.

Observational results are based on reanalysis data from the European Center for Medium-
Range Weather Forecasts Re-Analysis 5 (ERAS; Hersbach et al., 2020). Key observational
findings are reproduced using radiosonde data from the Integrated Global Radiosonde Archive
Version 2 (IGRA2; Durre et al., 2018).

Throughout the analyses we use the following definitions:

- T(z) refers to tropical-mean temperatures averaged over the latitude band 20°S-20°N.

- Tur (2) refers to the vertical profile of temperatures that results from integrating 7 at

700 hPa vertically following the moist lapse rate. The moist adiabatic lapse rate is found as
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where ¢, is the specific heat capacity at constant pressure, Ly, is the latent heat of vaporization,
w* is the saturation mixing ratio, * denotes the saturation value, R; and R, are the gas constants

for the dry air and water vapor, I; = %’ is the dry adiabatic lapse rate, and g is the gravitational

acceleration. The sensitivity of the results to the use of the 700hPa level as a starting point for the
integration is discussed further below.

- AT (z) is defined as the difference between T and Ty, g, that is AT = T — Tyyg.
Negative values of AT indicate that simulated or observed tropical-mean temperatures are lower
than that predicted by the moist lapse rate, and vice versa. Note that by construction AT = 0 at

700 hPa.
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Figure 1. Differences AT between actual tropical-mean temperatures and those predicted by the plume model.
Results are based on CESM1 output over 1981-2020 (left); CESM1 output over 2061-2100 (middle); and
ERAS data over 1981-2020 (right). The predicted temperatures are based on the zero-buoyancy entraining
plume model where the entrainment parameter is set to € = 0 (red lines; note that € = 0 corresponds to the
moist lapse rate and the differences are labeled as AT); € = 0.8 (blue line in left), € = 0.8 (dashed line in
middle), and € = 1.4 (solid lines in middle and right panels). The zero-buoyancy model profiles are integrated
from the 700 hPa level. The zero line indicates where actual and predicted temperatures are identical.

3. Increased Differences Between Tropical Temperatures and the Moist Adiabat Under
Global Warming

The red lines in Figures 1a and 1b show ensemble-mean values of AT from the NCAR
CESMI1 averaged over two time periods: 1981-2020 (Fig. 1a) and 2061-2100 (Fig. 1b). The red
line in Fig. 1c shows the corresponding results based on ERAS averaged over the 1981-2020



150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

period. As noted extensively in previous research (e.g., Singh and O’Gorman, 2013; Keil et al.,
2019; Zhou and Xie 2019; Miyawaki et al., 2020; Bao and Stevens 2021), tropical-mean
temperatures exhibit marked departures from those predicted by the moist lapse rate. The
departures are notably larger during the latter period of the simulation: Upper tropospheric
temperatures are about ~/.5 — 2K less than those predicted by the moist lapse rate in the current
climate (Fig. 1a) but ~3 - 3.5K less in the latter half of the 21st century (Fig. 1b). Interestingly,
the ERAS values of AT (Fig. 1c) are roughly twice as large as those found in the CESM
simulation averaged over the 1981-2020 period but bear close resemblance to those found from
CESM output averaged over the latter part of the 21st century.

The systematic nature of the relationship between AT and lower tropospheric temperature
is readily apparent when the results are discretized by year. Figure 2a shows annual-mean values
of AT derived from all 40 CESM simulations over the period 1950-2100, where each line
denotes AT for an individual year, and the colors of the lines indicate the corresponding 700hPa
temperature used as a starting point for the vertical integration of the moist lapse rate. Figure 2d
shows analogous results based on ERAS for all years 1980-2020. From Fig. 2a it is clear that AT
increases systematically with tropical-mean temperature, increasing from AT = —1.5K at
300hPa for 700hPa temperatures around 280K (output from the mid 20th century) to AT =
—4.5K at 300hPa for 700hPa temperatures around 286K (output from the late 21st century). The
same relationship between temperature and AT is also found in association with annual-mean
ERAS data over 1980-2020 (Fig. 2d). As noted above, the ERAS values of AT bear closest
resemblance to simulated values from the latter part of the 21st century (i.e., the warmest profiles

in Fig. 2a).
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Figure 2. (a) Differences AT between actual tropical-mean temperatures and those predicted by the plume model,
where the predicted temperatures are based on the zero-buoyancy entraining plume model where the entrainment
parameter is set to € = 0. The differences AT are plotted separately for each year from 1950 to 2100 in all 40
simulations, where the color of each line indicates the corresponding annual mean 700 hPa temperature. (b) As
in panel (a), but the predicted temperatures are based on the zero-buoyancy entraining plume model where the
entrainment parameter is set to € = 0.8 during all years (c) As in panel (b), but the predicted temperatures are
based on the zero-buoyancy entraining plume model where the entrainment parameter varies as per the linear fit
of the grey dots in Fig. 3a (given in Eq. 4b). (d-f) As in panels (a)-(c), but for results based on ERAS output over
the 1981-2020 period. The entrainment rate for panel (e) is set to € = 1.4, and the linear fit is given by the linear
fit of the black dots in Fig. 3a (given in Eq. 4a)

4. Implied increases in the convective entrainment rate

Why does AT increase as lower tropospheric temperatures increase? As discussed in the
Introduction, the climatological-mean values of AT are thought to arise from a variety of factors,
including the entrainment of dry air into regions of deep convection, the signature of convective
plumes with different vertical extents and entrainment rates in tropical-mean temperatures, and
the effects of the large-scale circulation on the thermal stratification of the atmosphere (Romps
and Kuang 2010; Singh and O’Gorman 2013; Zhou and Xie 2019; Keil et al., 2019; Miyawaki et
al. 2020; Bao and Stevens, 2021; Bao et al. 2021). The increases in AT under climate change
have been linked primarily to increases in the differences in moist static energy Ah between
plumes and the surrounding environment, since such differences scale with the saturation vapor
deficit of the environment (Singh and O’Gorman 2013; Seeley and Romps 2015).

Here we revisit the processes that drive changes in AT under climate change using the

zero-buoyancy plume model developed in Singh and O’Gorman (2013). Briefly, the model is
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derived as follows. The vertical structure of moist static energy (MSE) in an entraining plume

can be approximated as

(1) 2 = —enh

where ¢ is the entrainment rate, Ah = h — h, denotes the difference in MSE between the plume
and the environment, h = ¢,T + gz + Ly, q is the MSE, q is the specific humidity, and the
subscript e denotes the environment. The zero-buoyancy plume model is motivated by the
observation that the buoyancies of convecting clouds in the tropical atmosphere are relatively
small such that at a given level T~T, (Lawson, 1990; Wei et al., 1998; Sherwood et al., 2013;
Singh and O’Gorman 2013; Romps and Charn, 2015). In this case, the differences in MSE
between an undilute plume and the environment reduce to h — h, = L,(q — q.), and the MSE
and specific humidity of the plume are equal to those for the environment at saturation such that
h = h; and q = q,. Substituting the above into (1) yields an expression for the vertical profile of

environmental MSE that arises from the effects of convective entrainment:

dhg *
() iz = —&Lyq.(1 — RH)

where RH~ % is the relative humidity of the environment (Singh and O'Gorman 2013; Seeley

and Romps 2015). The differences in MSE between an environment influenced by convective
entrainment (Eq. 2) and one in which the convecting plumes are not diluted (% = 0, where the

subscript u denotes an undilute plume) can be found by integrating Eq. 2 vertically from cloud
base. The results of the integration can then be combined with the Clausius-Clapeyron relation to
yield an expression for the temperature of an environment influenced by convective entrainment

T, as (i.e., Singh and O'Gorman 2013 Eq. 4):

3) T, = Tuir +—g— [, €'Ly(1 ~ RH)q; dz

var T6p
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where zj, is cloud base, Ty r is the moist adiabat integrated vertically from z;, and T is the
temperature of the entraining plume. Following Singh and O'Gorman (2013), the entrainment

profile is approximated as '(z) = Zfor z > zp and €'(z) = 0 for z < z,, where ¢ is specified

and &' decreases linearly with height to account for the fact that clouds at different locations
detrain at different levels. The key is that Eq. (3) provides a theoretical estimate of tropical
temperatures as a function of the relative humidity of the environment and a specified
entrainment rate. Following our definition for AT = T — Tz, we define the differences
between tropical-mean temperatures and those predicted by the entraining zero-buoyancy plume
model for a given entrainment rate as AT, =T — T.

The solid blue lines in Figs. la-c show AT, derived from Eq. 3, where the entrainment
rate € is determined empirically to minimize AT, at the 250hPa level. We fit T, to T at 250 hPa
since 1) the differences between T and the moist adiabat peak near this level (Figs. 2a, d); and 2)
the moist adiabat is less relevant for understanding the temperature profile above ~250hPa
(Folkins 2002, Keil et al, 2019). As done for Ty r, T¢ 1s found by starting the integration at 700
hPa. The relative humidity is assumed fixed at 80%, since it remains roughly invariant to
temperature in both models and observations (e.g, Soden et al., 2002, 2005; Soden and Held
2006). The effects of changing the relative humidity are discussed below.

The entrainment rate that provides the best fit between 250hPa temperatures and those
given by the plume model differ notably between the two simulation periods (panels a and b).
The best fit to CESM temperatures during the 1981-2020 period arises when € = 0.8 (solid blue
line in Fig. 1a), whereas € = 0.8 notably overestimates tropical-mean temperatures during the
2061-2100 era (dashed blue line in Fig. 1b). Rather, the best fit to CESM temperatures during the
2061-2100 era arises when € = 1.4, roughly 75% larger than the historical value. The best fit to
the observations is found using an entrainment rate similar to that inferred from the CESM
output over the latter period (Fig. 1c¢).

As discussed earlier, AT and AT, increase with temperature even if the entrainment rate is
fixed in the case of the latter. That is because the saturation deficit Ah between an undilute parcel

and the environment follows Clausius-Clapeyron scaling. This effect is captured in Eq. 3 by

*

aq
aT

changes in — with temperature (Seeley and Romps 2015). However, from Figs. 1a and 1b, it is

10
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clear that fixing the entrainment rate at its 1981-2020 value (¢ = 0.8) leads to a notable
overestimate of temperatures (as indicated by negative AT, ) during the 2061-2100 period.

The robustness of the relationships indicated in Fig. 1 are further evidenced in the middle
column of Fig. 2. Fig. 2b shows the differences between tropical temperatures and those
predicted by Eq. 3 with a fixed entrainment rate € = 0.8, that is, it shows ATe—pg =T — Te—g 5.
As in Fig. 2a, results are derived for annual-mean T profiles over 1950-2100 from all 40 CESM
simulations, and colors indicate the attendant 700hPa temperatures. If increases in the saturation
vapor deficit accounted for all of the increases in AT with climate change, then AT._, g should
remain close to zero even as temperatures warm. However, as also indicated in Fig. 1b, it is clear
that fixing the entrainment rate to its 1981-2020 value leads to an increasingly large overestimate
of tropospheric temperature trends (increasingly negative AT, ) by the plume model. Similarly,
as indicated for ERAS in Fig. 2e, fixing the entrainment rate at ¢ = 1.4 provides a close fit to the
coldest ERAS temperature profiles but again overestimates free tropospheric temperatures during

warm years.
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Figure 3. Top panels: (a) Scatter plot illustrating the relationship between tropical-mean temperatures at 700hPa
and the entrainment rate that provides the best fit between actual and theoretical tropical-mean temperatures at
250hPa. Grey dots represents individual years from the GCM output; black dots individual years from ERAS.
The black lines indicates the best fits to the model and ERAS output and are € = 0.25T,ypq — 70 for ERAS and,
€ = 0.16T,5 — 44 for CESM. The error bar for the ERAS data indicates the 95% confidence range, derived
from the standard error of the regression. (b) Dots indicate the scatter plots of actual tropical-mean temperatures
at 700 hPa and 250 hPa from CESM1 output (grey dots) and ERAS (black dots). Lines indicate the predicted
relationships using the plume model where the entrainment rate varies with 700hPa temperature as per the linear
fits in panel (a). Bottom panels: (c) Black dots and linear fit: As in the ERAS results from panel (a), but ERAS
data are sampled at locations where RAOB output are available. Grey dots: Results based on tropical-mean
temperatures from radiosonde data. (d) Black dots and linear fit: As in panel (b), but ERAS data are sampled at
locations where RAOB output are available and the expression for the entrainment rate is given by the black fit
in panel (c). Grey dots and linear fit: Results based on tropical-mean temperatures from radiosonde data and the
expression for the entrainment rate is given by the grey fit in panel (c).

Figure 3 explores in more detail the relationships between T and the entrainment rate.
The grey dots in Fig. 3a show the entrainment rate required to minimize AT, at 250hPa, where
each dot shows results for one year of annual-mean output from the 40 CESM1 simulations, and
the x-axis indicates the corresponding 700 hPa temperature that is used as a basis of the
integration in Eq. 3. Note that there are 6040 dots derived from 40 ensemble members and 151
years/simulation. The black dots in Fig. 3a show the same results for annual-mean ERAS data.

The solid lines show the linear least squares best fits between T, and &, and are equal to
(4a) egpas = (0.25 + 0.02)K~1 X T;q0 — 70

and

(4b) gcpsy = (0.16 + 0.00)K ™1 X Ty — 44.

where the range denotes the 95% confidence range derived from the standard error of the
regression. From Fig. 3a, it is clear that both CESM and ERAS indicate robust linear
relationships between a) cloud base temperatures (i.e., assumed 700hPa in Fig. 3a) and b) the

entrainment rate required by the plume model to simulate 250hPa temperatures. Notably, the

amplitude of Mi is roughly 50% larger in observations than it is in CESM.
700

The linear relationship between T, and ¢ rate found in ERAS data is reproducible in

results based on radiosonde data. The grey dots in Fig. 3¢ show results analogous to those

12
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indicated in Fig. 3a, but for tropical-mean temperatures from the IGRA radiosonde data. The
black dots in Fig. 3¢ are a reproduction of the ERAS results from Fig. 3a, but in this case the
ERAS data are sampled at locations where RAOB output are available. The best fits to the results

in Fig. 3¢ are found as:

(4C) ERAOB = (025 i OOS)K_l X T700 — 68

and

(4d) gERAS = (022 i OOS)K_l X T700 - 60

Importantly, both the radiosonde and ERAS5 data indicate a similiar linear relationship between
T;00 and € that suggests the entrainment rate increases with lower tropospheric temperatures.
The slopes of the ERAS and radiosonde regression lines are statistically indistinct from each
other. The higher y-intercept in the radiosonde data indicates that - at a given lower tropospheric
temperature - the radiosonde data are cooler than their ERAS counterparts (i.e., a higher
entrainment rate is required to match upper tropospheric temperatures in the radiosonde data).

The linear relationship between temperature and the entrainment rate is further
exemplified in Figs. 3b and 3d. The dots in Fig. 3b show annual-mean 250hPa temperatures
plotted as a function of annual-mean 700 hPa temperatures for all years in the CESM output
(gray) and observations (black). The lines show 250hPa temperatures predicted by integrating
Eq. 3 using an entrainment rate given by the linear fits in Fig. 3a (Egs. 4a and 4b). The linear fits
in Fig. 3a clearly provide a very good estimate of the entrainment rate required to simulate both
CESM and observed upper tropospheric temperatures across a range of temperatures. The results
in Fig. 3d show analogous results, but use the fits in Fig. 3¢ to compare results based on RAOB
and ERAS results sampled where RAOB data. In both cases, the linear fits in Fig. 3¢ provide a
good estimate of the entrainment rate required to match observed upper tropospheric
temperatures. Note that - as discussed above - at a given 700hPa temperature the radiosonde data
are systematically cooler at the 250hPa level than their ERAS counterparts.

Finally, Figs. 2c and 2f show the complete vertical profiles of AT, derived using the
linear fits in Fig. 2b for the range of 700hPa temperatures found in CESM and ERAS. The linear

13
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relationships given in Fig. 4a act to minimize AT, not only at 250hPa (by construction), but
thoughout much of the troposphere.

The amplitudes of the linear relationships between lower tropospheric temperatures and
the entrainment rate (as indicated in Fig. 3a) vary depending on details of the analysis design.

Nevertheless, they are significantly positive under a range of parameter changes. For examples:

A2 ,£0.15 + 0.00K~ 1 in

Moving the level where AT, is minimized to 500hPa yields a slope

AT700

CESM output - which is similar to that in Fig. 3a - and increases the slope in ERAS data to

0.34 + 0.04 K1, Alternatively, keeping the level where AT, is minimized at 250hPa but

Ae

lowering "cloud base" to 850hPa reduces the slopes in both CESM output and ERAS: T
850

0.06 + 0.00K ! in CESM output and 0.05 + 0.02 K1 in ERAS.

In summary, the key findings in Figs. 1-3 are that 1) the zero buoyancy plume model is
capable of simulating the long term changes in free tropospheric temperatures found in climate
change simulations only when the entrainment rate increases with temperature; 2) the required
increases in the entrainment rate vary linearly with lower tropospheric temperature; and 3)
similarly positive relationships between temperatures and the inferred entrainment rate are found
in both ERAS5 and RAOB data. The positive linear relationships between temperature and the
entrainment rate are robust to changes in the analysis procedure. They are reproducible in large
ensembles from the three other Earth System Models considered in this study (Appendix Fig.
Al). And they are robust to adjusting the entrainment rate to account for the decreasing coverage
of convection with height (not shown; see Zhou and Xie 2019 Eq. 2; Bao et al., 2021 Eq. 5). We
also checked whether the results might arise from changes in the relative humidity in Eq. 3.
Based on the plume model, the changes in relative humidity required to explain the changes in
AT are roughly 25% over the 1950-2100 period. In contrast, we found the linear trend in tropical-
mean relative humidity from CESM to be less than 1% throughout the lower troposphere across

the same period (not shown).

S. Implications
The inferred relationship between temperature and the convective entrainment rate has
implications for changes in both the mean (Singh and O’Gorman 2013; Seeley and Romps, 2015;

Miyawaki et al. 2020) and variance of tropical temperatures under global warming.
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Figure 4. Time series of tropical-mean temperatures at 250 hPa from 1950 to 2100. The black solid line shows
tropical-mean 250hPa temperature averaged over all 40 climate change simulations in CESM1. The red solid
line indicates the tropical-mean 250hPa temperature predicted by integrating the plume vertically from 700hPa
with € = 0 (i.e., equivalent to the moist lapse rate). The blue solid line shows tropical-mean 250hPa temperature
predicted by integrating the plume vertically from 700hPa with 8. The gray dashed line shows tropical-mean
250hPa temperature predicted by integrating the plume vertically from 700hPa where the entrainment rate varies
as per the fit in Fig. 3a (given in Eq. 4b). Trends are calculated over the period 2050-2100.

Implications for trends in mean tropical temperatures

The implications for tropical-mean temperature trends are summarized in Figure 4. The
grey line show the actual ensemble-mean 250hPa temperatures averaged over the tropics from
the CESM large-ensemble of climate change simulations. Upper tropospheric temperatures
increase from ~228 K in 1950 to 237 K in 2100, and the mean warming rate over the latter half
of the 21st century is ~0.8 K/decade.

The red line shows temperatures predicted by integrating CESM 700hPa temperatures
vertically using the moist lapse rate. Note that this is equivalent to applying the plume model
(Eq. 3) with an entrainment rate of ¢ = 0. In 1950, the 250hPa temperatures predicted by the
moist lapse rate (T r) are ~231K, or ~2K warmer than those simulated by the model, consistent
with the differences between tropical-mean temperatures and a moist adiabat found in the
climatological-mean. By 2100, Ty, r reaches ~242K, which is roughly ~5K warmer than those
simulated by the model. By the last half of the 21st century, the upper tropospheric warming
predicted by the moist lapse rate is about 50% larger (~1.2 K/dec vs. 0.8 K/dec) than that
indicated by CESM.
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The blue line shows temperatures predicted by integrating CESM 700hPa temperatures
vertically using the plume model with a fixed entrainment rate of 0.8. As discussed earlier, € =
0.8 provides a close fit to the tropical-mean lapse rate between 700 and 250hPa in the historical
period. Thus 250hPa temperatures predicted by the plume model closely match those simulated
by the CESM in 1950 by construction. However, using a fixed entrainment rate leads to a notable
overestimate of the long-term warming of the tropical troposphere. In the case of € = 0.8, the
plume model overpredicts the simulated warming rate at 250hPa by ~40% (~1.1 K/dec vs. ~0.8
K/dec) and yields temperatures in 2100 that exceed the actual temperatures by ~2K (~239K vs.
237K).

Finally, the black line shows temperatures predicted by integrating 700hPa temperatures
vertically using the plume model with an entrainment rate that varies linearly with temperature as
given by Fig. 3a and Eq. 4b. The temperatures at 250hPa that are predicted by applying Eq. 4b to
the plume model are indistinguishable from those found in the CESM simulations. The warming
rate estimated by the plume model for the case where ¢ is given by Eq. 4b is effectively identical

to the actual warming rate (0.83 K/dec).
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Figure 5. The amplitude of annual-mean tropospheric temperature variability with respect to temperature
variability at 700hPa (i.e., a7(z) ). Top panels show ar(z)

) ~ dT700nPa” AT700nPa
entrainment rate determined by the linear fit shown in Fig. 3a. Bottom panels show results based on CESM1

output. The derivative is estimated empirically from annual mean data using a bin size of 0.12 K and 5 K for
700hPa temperatures based on the zero-buoyancy model and the CESM1 output, respectively. Colors indicate
dT(z)

700hPa

based on the range of 700hPa temperatures found in the CESM1 simulations over the period 1950-2100.

based on the zero-buoyancy model with a varying

are calculated. Results are

the centered value of 700hPa temperature of each bin which the derivatives 7

Implications for trends in the variance of tropical temperatures
The implications of the results for changes in tropical-mean temperature variability are

summarized in Figure 5. The temperature variability at a given height level z with respect to the

variability at 700hPa can be expressed as the ratio 2 1f the lapse rate between 700hPa and

700hPa
. d . ) . .
z 1s fixed, then A — 1 forall temperatures. But if the lapse varies with temperature, as is
700hPa
. . d . . d
the case with the moist lapse rate, then so must A=) Figure 5a shows the ratio 4@
700hPa AT700nPa

calculated from the plume model using the linear expression for the entrainment rate given by
Eq. 4b. The line colors indicate different 700hPa temperatures used as a starting point for the

lapse rate. The derivatives are estimated for bin sizes of 0.12 K in 700hPa temperatures. By
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daT(z)

dT700hPa

construction, = 1 at z=700hPa for all temperatures. We focus on results below 250 hPa

where temperatures transition to radiative equilibrium and moist adiabatic processes are less

relevant for interpreting the temperature profile (Folkins 2002; Keil et al. 2019). As lower

daT(z)

tropospheric temperatures increase, the ratio derived from the model decreases

700hPa

dT(z)

dT700nPa

throughout the tropical troposphere up to 250hPa (Fig. 5a). In the middle troposphere,
decreases from ~1.5 to ~1.35, or about ~10%.

dT (z

Figure 5b shows calculated from the CESM climate change simulations, where

700hPa

the derivative is estimated using a wider bin size of 5 K (i.e., T7gonpq = 2.5 K) to reduce the
sampling errors that may arise from the large internal variability. The different bin size within a
range of 0.3-8 K does not qualitatively affect the results of the regressions (not shown). Results
are calculated for all annual-temperature profiles in all 40 year simulations and across all

ensemble members. In the mid-upper troposphere above ~600hPa, the CESM climate change

dT(z)

output generally yields decreases in reminiscent of those predicted by the plume model,

700hPa
albeit there is some scatter in the results for individual temperature lines.

aT(z)

Why do changes in 7 matter? The ratio indicates how upper tropospheric

700hPa

temperatures vary per unit change in lower tropospheric temperature. It thus provides a measure

of how the vertical structure of internal tropical tropospheric variability might change under
daT(z)

700hPa

global warming. For example, consider the case of ENSO variability. Decreases in

suggest that the same ampitude ENSO event in surface temperature will have a weaker
projection onto upper tropical tropospheric temperatures and - potentially - the ensuing
teleconnections. We defer analysis of the implications of the results in Fig. 5 for changes in

internal climate variability under global warming to a companion study.

6. Discussion

The vertical profile of tropical-mean temperatures exhibits well-known departures from a
moist adiabat. Upper tropical tropospheric temperatures are several degrees less than those
predicted by a moist adiabat in the climatological-mean (Singh and O’Gorman 2013; Keil et al.,
2019; Po-Chedley et al. 2019; Keil et al., 2019; Miyawaki et al. 2020). The tropical troposphere
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warms less than that predicted by a moist adiabat in observations (e.g., Santer et al. 2005; Steiner
et al. 2020) and climate change simulations (e.g., Santer et al. 2005; Romps and Kuang 2010;
Romps 2011; Muller et al. 2011; Sobel and Camargo 2011; Fasullo 2012; Singh and O’Gorman
2013; Seeley and Romps, 2015; Zhou and Xie, 2019; Miyawaki et al. 2020; Bao and Stevens
2021; Bao et al. 2021).

The climatological-mean differences between tropical-mean temperatures and those
predicted by a moist adiabat (AT) are thought to arise from a variety of factors, including the
entrainment of environmental air into convecting plumes, the fact that the tropical-mean reflects
an average over plumes at a range of different heights, and the effects of the large-scale
circulation (Singh and O’Gorman, 2013; Zhou and Xie, 2019; Keil et al., 2019; Miyawaki et al.,
2020; Bao and Stevens, 2021). The increases in AT under climate change have been primarily
linked to increases in the saturation vapor deficit of the environment g, — q., which increases
the efficiency of convective entrainment since the mixing between convective plumes and the
environment is acting on larger gradients in moist static energy (Singh and O’Gorman 2013;
Seeley and Romps 2015).

Here we have used the zero-buoyancy plume model of Singh and O'Gorman (2013) to
provide novel insights into the factors that govern the increases in AT - and thus in CAPE - under
climate change. The key findings are the following:

1) The increases in AT under climate change are only partially explained by increases in
the saturation vapor deficit in the plume model. Rather, the increases in AT are only simulated
when the entrainment rate € that acts on the saturation vapor deficit also increases with
temperature.

2) The required increases in € exhibit a robust linear relationship with lower-tropospheric
(i.e., cloud base) temperature. Simulations based on the plume model indicate that the
entrainment rate required to reproduce the upper tropospheric warming in climate change
simulations roughly doubles over the 21st century.

3) The linear relationship between lower tropospheric temperature and the entrainment
rate € emerges in both climate change simulations and observations based on ERAS and
radiosonde measurements. The amplitude of the linear relationship varies depending on details of
the analysis. But the sign and robustness of the linear relationship is reproducible when the cloud

base level is lowered to 850hPa, when the level used to fit the plume model to actual
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temperatures is lowered from 250hPa to 500hPa, and in large ensembles of climate change
simulations run on different ESMs. The results can not be explained by realistic changes in the
environmental relative humidity of the plume model.

4) The results have implications for understanding long-term trends in tropical-mean
temperatures. The warming rate of the upper tropical troposphere in climate change simulations
run on CESM1 with RCP8.5 forcings is roughly 0.8 K/dec. In contrast, the warming rate of the
upper tropical troposphere predicted by integrating CESM1 lower-tropospheric temperatures
vertically using the plume model is (a) ~1.2 K/dec if free-tropospheric temperatures are
determined from a moist adiabat (i.e., € = 0); and (b) ~1.1 K/dec if free-tropospheric
temperatures are determined from the plume model run with a fixed entrainment rate (¢ = 0.8)
acting on increases in the saturation vapor deficit. The warming rate of the upper tropical
troposphere found in the CESM climate change simulations is only recovered when the plume
model is run with an entrainment rate that roughly doubles over the course of the simulation. A
similar relationship between the overprediction of tropical tropospheric warming and the
entrainment rate was highlighted in Miyawaki et al. (2020), but their analysis focused on the
effects of a fixed value of € on trends in AT; they did not consider time-varying changes in € as a
function of lower tropospheric temperatures.

5) The results also have implications for changes in the variance of tropical-mean
temperatures. The plume model predicts a roughly 5% decrease in the ratio of upper to lower
tropical temperature variance for a warming of 4K. Qualitatively similar changes in variance are
found in the ESMs over the course of the 21st century.

The changes in the entrainment rate indicated here could arise from a range of physical
processes, including changes in the amplitude of turbulent mixing associated with individual
convective plumes and/or variations in the depth and strength of convective plumes across the
tropics (Xu et al., 2021; Bao et al., 2021; Sarve 2022). It remains to be determined which of
these processes are key for the inferred increases in the entrainment rate with climate change

indicated here.
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