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ABSTRACT

We present ninety-nine cloud-resolving simulations to study how temperatures of anvil clouds and
radiative tropopause change with surface warming. Our simulation results show that the radiative
tropopause warms at approximately the same rate as anvil clouds. This relationship persists across
a variety of modeling choices, including surface temperature, greenhouse gas concentration, and
the representation of radiative transfer. We further show that the shifting ozone profile associated
with climate warming may give rise to a fixed tropopause temperature as well as a fixed anvil
temperature. This result points to the importance of faithful treatment of 0zone in simulating clouds
and climate change; the robust anvil-tropopause relationship may also provide alternative ways to

understand what controls anvil temperature.
1. Introduction

The tropical upper troposphere is home to extensive cirrus clouds detrained from thunderstorms.
As the surface warms, these clouds — known as anvil clouds — are robustly predicted to rise to
greater altitudes so that their mean temperature increases less than that of the surface. This holds
true in cloud-resolving models (CRMs) (Tompkins and Craig 1999; Kuang and Hartmann 2007,
Harrop and Hartmann 2012; Khairoutdinov and Emanuel 2013; Narenpitak et al. 2017) general
circulation models (GCMs) (Zelinka and Hartmann 2010; Thompson et al. 2017), as well as
observations (Zelinka and Hartmann 2011). Since anvil clouds’ temperature changes little under
surface warming, they will emit less longwave radiation to space than if they were to warm at the
same rate as the surface. This yields a positive climate feedback when our reference assumption is
that clouds should otherwise warm at the same rate as the surface. For this reason, the most recent
IPCC report expressed high confidence in a positive longwave cloud altitude feedback (Forster et

al. 2021).

The Fixed Anvil Temperature (FAT) hypothesis is the most enduring explanation for the trend of
high-cloud temperature with surface warming (Hartmann and Larson 2002). The FAT hypothesis
claims that (1) upper tropospheric cloud amount is principally the result of the radiatively-driven
horizontal convergence in clear skies, and (2) this convergence is physically constrained to occur
at a fixed temperature. Indeed, studies of CRMs, GCMs, and observations corroborate the first

claim. The upper tropospheric maximum in convergence covaries with the upper tropospheric
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maximum in cloud amount (Kuang and Hartmann 2007; Zelinka and Hartmann 2010; Bony et al.
2016; Seeley et al. 2019b; Zelinka and Hartmann 2011). However, models often contradict the
second claim in FAT, showing that anvils and the location of maximum convergence may in fact
warm appreciably, albeit slowly compared to the surface. For example, Kuang and Hartmann
(Kuang and Hartmann 2007) showed in a CRM that the location of maximum cloud fraction to
warm by 2 K when the surface warmed by 8 K, and the recent Radiative-Convective Equilibrium
Model Intercomparison Project found an average of 4.4 K of anvil warming over 10 K of surface
warming (Wing et al. 2020). This slow but appreciable warming is sometimes known as a
Proportionately Higher Anvil Temperature, or PHAT. PHAT may be explained considering the
changing static stability profile of the upper troposphere under climate warming (Zelinka and
Hartmann 2010; Harrop and Hartmann 2012). Importantly, even a PHAT gives rise to a positive
cloud altitude feedback.

It is sometimes assumed that anvil clouds are linked to the radiative tropopause, where radiative
heating first goes to zero in the upper troposphere (see, e.g., Birner and Charlesworth 2017; Kluft
et al. 2019). Radiative tropopause is the intersection of the radiative-convective equilibrium (RCE)
temperature profile of the troposphere and the radiative equilibrium profile of the stratosphere
(Vallis et al. 2015; Hu and Valliss 2019). Since radiative tropopause is the highest location
convection reaches in RCE, it is also known as the convective top (Thuburn and Craig 2002; Birner
and Charlesworth 2017; Dacie et al. 2019). Tompkins and Craig (Tompkins and Craig 1999) found
in a CRM that anvil temperature to increase with surface warming. They suggested this occurred
because the tropopause temperature increases with warming due to their fixed ozone profile. Kluft
et al. (2019) modeled radiative tropopause to warm by about 0.5 K per 1 K of surface warming
using a 1-D RCE model without clouds. Assuming a close relationship between tropopause and
anvil, the authors suggested that their result supported a PHAT. Such an assumption appears to be
a crude simplification of FAT/PHAT thinking, according to which a decline in radiative cooling

with height below tropopause causes clear-sky convergence.

Since radiative tropopause may be simulated by 1-D models without clouds, a robust anvil-
tropopause relationship would simplify our understanding of anvil clouds. However, Seeley et al.
(Seeley et al. 2019b) achieved a contrary result in CRM simulations of clouds and tropopause. In

their simulations the temperature of radiative tropopause varied by less than 2 K despite 50 K of
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surface warming, yet the anvil warming was greater by an order of magnitude. They suggested
that not only is there a fixed tropopause temperature (FiTT) with respect to surface warming, but
tropopause temperature is unlikely to be related to the temperature of the anvil peak. That is, the
top of the troposphere should be disentangled from the anvil location. Given this disagreement and
the potential clarity provided by an anvil-tropopause relationship, it is worthwhile to investigate
more thoroughly whether the location and temperature anvil clouds are in fact related to the

location and temperature of tropopause.

To test for an anvil-tropopause relationship, we conduct idealized experiments in a CRM
systematically changing the radiation-relevant model settings. We ask: Do changes in model
settings that change the simulated tropopause temperature cause similar changes in the anvil
temperature? Are changes in the tropopause temperature’s trend with respect to surface warming
associated with similar changes in the anvil temperature trend? In particular, we test the sensitivity
of anvil and tropopause temperature to: (1) A wide range of surface temperatures (280 K to 315
K); (2) the amount of carbon dioxide; (3) the amount of insolation; (4) the shape, concentration,
and location of the ozone profile; (5) the presence of a large-scale circulation and convective

organization; and (6) the domain size.
2. Simulations

We use the 2D formulation of the System for Atmospheric Modeling (SAM), version 6.10
(Khairoutdinov and Randall 2003). SAM is a cloud-permitting model using the anelastic equations
for dynamics. 2D CRMs have long been used to study convection and clouds in the tropics (Held
et al. 1993; Grabowski et al. 2000; Blossey et al. 2010; Yang 2018a,b; Seidel and Yang 2020). The
horizontal resolution is 2 km. Radiation is parameterized using the Rapid Radiative Transfer
Model (RRTM) (Mlawer et al. 1997). Cloud microphysics are parameterized using the SAM one-
moment scheme. For the purposes of replicability and comparability, we borrowed many modeling
parameters from the Radiative Convective Equilibrium Model Intercomparison Project (RCEMIP)
protocol (Wing et al. 2018). The vertical grid is a modified version of the RCEMIP high-vertical-
resolution grid, extended to allow for greater surface temperature. It consists of 160 levels, with a
vertical resolution of 40m at the surface, 200m at altitudes between 3 km and 25 km, and increasing
to 500m above that. The model top is at 36 km. A sponge layer occupies the upper 30% of the

model domain. To accommodate the computational cost of exploring a wide range of modeling
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conditions, as well as the long equilibration times required, our standard simulations use a small,
256 km domain. To test the relevance of convective organization, we use a larger 2048 km domain.
Following RCEMIP, we use an idealized equatorial ozone profile and CH4 and N2O concentrations
of 1650 and 306 ppbv, respectively. Insolation is fixed at 409.6 W/m?. Unlike the RCEMIP
protocol, we set COz to its preindustrial value of 280 ppmv. All other well-mixed greenhouse gases

are set to zero.

The model is run over a sea surface with a prescribed temperature until the atmosphere
approximately reaches radiative-convective equilibrium (RCE). RCE is an idealization of the
tropical atmosphere which states that the latent heating from convection is balanced by radiative
cooling in the free troposphere. Each simulation is integrated for 500 days, except for simulations
without ozone, which required 1000 days to equilibrate. The data reported are from the final 40%
of the model integration. We identify cloudy grid cells as those whose condensates exceed either
1x1075 kg/kg or 1% of the saturation specific humidity, whichever is smaller. This is consistent
with the method of the RCEMIP protocol as well as SAM’s own diagnostic code. Even for small
domains, SAM has a high propensity to undergo convective self-aggregation, in which convection
spontaneously organizes into persistent moist and dry patches (Tompkins 2001; Bretherton et al.
2006; Held et al. 1993). To prevent this, we horizontally homogenize radiation in all simulations
except for a single set of large-domain simulations meant to test the importance of organization.
Each “experiment” in this study consists of eight simulations with prescribed sea-surface
temperatures from 280 K to 315 K. We present twelve experiments in total, variously adjusting
the CO2 concentration, the insolation, and the ozone profile. These experiments are summarized

in Table 1.
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Experiment Domain Ozone Insolation CO;,

Standard 256 km Standard 409.6 W/m’ 280 ppm
Standard, 4xCO, 256 km Standard 409.6 W /nt’ 1120 ppm
Standard, no CO, 256 km Standard 409.6 W /nr* 0 ppm
No Solar 256 km Standard 0 W/m’ 0 ppm
2x Solar 256 km Standard 819.2 W/n?’ 0 ppm
Unif-Os 256 km Uniform 409.6 W /m* 0 ppm
Unif-O3-no-Solar 256 km Uniform 0 W/m'’ 0 ppm
1/10 O; 256 km 0.1 xStandard ~ 409.6 W/m’>  Oppm
No O; 256 km None 409.6 W/m’> 280 ppm
Large 2048 km Standard 409.6 W/’ 280 ppm
Large-Organized* 2048 km Standard 409.6 W/m’ 280 ppm
CAM Radiation* 256 km Standard 409.6 W/’ 280 ppm

Table 1. Summary of all idealized experiments conducted in this study. Each experiment consists of
8 simulations with prescribed surface temperatures of 280 K, 285 K, 290 K, 295 K, 300 K, 305 K, 310
K, and 315 K. The Large-Organized experiment is conducted without homogenized radiation. The CAM
Radiation experiment is conducted using the CAM3 radiation scheme rather than RRTMG.

3. Results

As the climate warms, anvil clouds rise in altitude so that their temperature increases less than the
air at any given level. Figure 1a shows profiles of cloud fraction from the Standard simulations
(see Table 1). The cloud fraction profile has a two-peaked structure. Following the convention of
other studies (Kuang and Hartmann 2007; Wing et al. 2020), we refer to upper-tropospheric peak

in cloud fraction as the anvil, which migrates upward as the surface warms. Figure 1b shows cloud
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Figure 1. The Standard experiment. (a) Profiles of cloud fraction from the Standard simulations. (b)
Cloud fraction, normalized by its maximum value, and plotted against temperature. (c) Radiative heating
plotted against temperature. The open circles on the y-intercept indicate radiative tropopause. The closed
circles indicate the location of T,,,,,. (d) Static stability profiles. The open circles indicate radiative
tropopause. The closed circles indicate T,,,,. (¢) Radiatively driven subsidence. (f) Radiatively driven

convergence.

fraction on a temperature coordinate and normalized by dividing by its local maximum value. The

anvil temperature increases with warming.

We require a precise and general definition of “anvil temperature” appropriate for the wide range
of surface temperature and physics perturbations in this study. Defining anvil to be the temperature

where the cloud fraction reaches its maximum value (Kuang and Hartmann 2007; Seeley et al.
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2019b; Wing et al. 2020) proved inadequate for some of our experiments. The temperature of
maximum cloud fraction may shift dramatically with warming due to a modest change in cloud
shape, rather than a meaningful change in high-cloud temperature (Fig. S1). Using a cloud-mass-
weighted temperature over the entire portion of the troposphere below a certain temperature
(Zelinka and Hartmann 2010; Harrop and Hartmann 2012) is also not adequate for our
experiments. Given the wide range of surface temperatures in our experiments, there isn’t a single
temperature or pressure level consistently demarcating the “upper troposphere” from the “lower
troposphere”. To avoid these shortcomings, we first identify the upper-tropospheric peak in cloud
fraction. Then we calculate a cloud-mass-weighted temperature over the locations where cloud

coverage of at least 80% of that maximum value:

DPgo%,l
Tonw = j T(p)-CF(p)dp (1)

P8o%,!

where T is temperature, CF is cloud fraction, and pgge, 1 and pgg,, are the highest and lowest
pressure levels where the cloud fraction is at least 80% of its maximum value. This cutoff is
arbitrary choice, but in the supplemental material we show that Eq. (1) gives nearly the same
temperature as a strict “peak’ definition except in a few cases where the shape of the cloud profile
changes abruptly with warming (Fig. S2). In those cases Eq. (1) retains monotonic behavior rather
than allowing an arbitrary jump in T,,,. Therefore, this method is more appropriate for this study.
To reduce the imprecision introduced by a discrete model resolution, we linearly interpolate T (p)

and CF (p) in pressure and calculate the integral in Eq. (1) numerically.

Figure 2 shows Tg,,, for each experiment in this study. In the Standard simulations, anvil
temperature (T,,,,) increases by 13.2 K while the surface temperature (T) increases by 35 K, so

that AT,,,,,/ATs = 0.38. The anvil warms appreciably albeit more slowly than the surface, which
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Figure 2. Tropopause and anvil temperatures. Tropopause temperature (open circles) and anvil
temperature (closed circles) for each simulation used in this study. Black lines and marks indicate a

simulation, also present in another panel, used as a baseline for comparison.

153  agrees with previous CRM and GCM studies. (Kuang and Hartmann 2007; Zelinka and Hartmann
154  2010; Harrop and Hartmann 2012; Khairoutdinov and Emanuel 2013). RCEMIP, whose protocol
155  forms the basis for our experimental design, showed an average anvil warming of AT,,,,,/AT, =
156  0.44 (Wing et al. 2020). By replicating the results of 3D CRMs, we affirm that a 2D CRM is

157  appropriate for investigating anvil temperature.
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As the climate warms, the radiative tropopause becomes warmer as well. Figure 1¢ shows radiative
heating using temperature as a vertical coordinate. Considering the troposphere as the region of
the atmosphere in radiative-convective equilibrium, we identify radiative tropopause as the
temperature at which radiative heating changes sign. That is, tropopause is the y-intercept in Fig.
lc, marked with an open circle for each simulation. The tropopause temperature for the Standard
experiment is shown in Fig. 2a. Tropopause temperature (T4,p,) increases by 14.8 K over a 35 K
increase in Ty, so that ATy, /ATy = 0.42. This replicates recent studies of radiative-convective
equilibrium in 1-D models without clouds. Kluft et al. (2019) showed AT}, /ATs = 0.5, and they
noted that the temperature increase of radiative tropopause (or “convective top”) resembled the
slow temperature increase of anvil clouds. Dacie et al. (2019) similarly showed AT}, /ATs = 0.4,
though they defined radiative tropopause as the threshold where convective heating (or radiative

cooling) equals 0.2 K/day.

We examine the relationship between the anvil and tropopause temperatures using a variety of
modeling choices. We ask: do anvil temperature and tropopause temperature covary in response
to a change of model parameters? Figure 2a shows the results from three simulations: the Standard
experiment; the Standard, 4xCO: experiment; and the Standard, no CO2 experiment. When COz is
quadrupled, tropopause temperature increases more slowly with surface warming (AT, /ATs =
0.36) than the Standard simulation. On the other hand, when COz is removed entirely, tropopause
temperature increases more rapidly with surface warming (AT, /AT = 0.66). In either case, the
trend in anvil temperature mirrors that of tropopause temperature: increasing CO: slightly
decreases the trend with warming (AT,,,,,/AT; = 0.33), while removing CO2 allows the anvil to
warm much more over the course of the simulations (AT, /ATy = 0.50). Therefore, the anvil and

tropopause appear to be related.

Solar radiation also has a substantial effect on anvil and tropopause temperature. Figure 2b shows
experiments in which we either double incoming solar radiation (2x Solar) or remove it entirely
(No Solar). With solar radiation reduced from an Earthlike value to zero, the anvil and tropopause
temperatures each become about 10 K colder. When solar radiation is doubled, they each become
about 5 K warmer. However, the differences in warming trends ATy, /ATs and AT,/
AT between the three experiments are modest. As with the CO2 experiments, the perturbations in

anvil temperature mirror the perturbations in tropopause temperature.

10
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Finally, we conduct four experiments in which we manipulate the ozone profile. In the Unif-O3
and Unif-Os3-no-Solar, experiments, we prescribe ozone as vertically uniform over the depth of the
domain, while maintaining the same column mass of ozone as in the other simulations. The results

of these experiments are shown in Fig. 2c. In the Unif-O3 experiment, the temperature trends are

% = 0.22, and % = 0.27, both smaller compared to the Standard-no-CO2 experiment.

Curiously, for both these experiments and the standard-ozone experiments presented in Fig. 2b,
the trends ATy, /ATs and ATy, /AT, are not especially sensitive to the presence of solar
radiation. The shape and magnitude of the ozone profile are more important than whether its

principal action is in the shortwave or longwave bands.

In two other experiments, shown in Fig. 2d, we change the concentration of ozone. The 1/10 O3
experiment is identical to the Standard-no CO:z experiment except with ozone reduced to 10% of
its RCEMIP value while maintaining its shape. The tropopause’s and anvil’s trends with warming
are reduced compared to the Standard-no CO:2 experiment. In the No O3 experiment we remove
ozone entirely and instead add 280 ppm of CO: to serve as a radiatively active gas in the
stratosphere.! When ozone is eliminated, the tropopause warms less than in any other experiment
(ATtrop/ATs = 0.14), and the anvil temperature is approximately fixed (AT, /AT = 0.01). For
the No O3 experiment, the anvil temperature is especially sensitive to which portion of the cloud

we define as the “anvil”, so this result should be considered with caution (see Fig. S2d).

Our assumptions about ozone have a profound effect on the simulated trends of anvil and
tropopause temperature. The RCEMIP ozone profile is based on the equatorial climatology so that
it increases with height in the upper troposphere and lower stratosphere. Thus, when the surface
warms, the troposphere is being lifted into an increasing ozone concentration. When ozone is
homogenized or eliminated, this mechanism is no longer present, and the tropopause and anvil
warm much more slowly as the surface warms. These results resemble those of Harrop and
Hartmann (2012), who found that removing ozone nearly eliminated any trend in anvil

temperature. However, Seeley et al. (2019b) simulated a PHAT in the absence of ozone. That

! Following Harrop and Hartmann (Harrop and Hartmann 2012) and Seeley et al. (Seeley et al. 2019b),
we also attempted simulations removing both ozone and CO,. However, even over long equilibration
times (>1000 days), the top of the model never stabilized to a steady temperature, and the simulations
failed as temperatures there became unrealistically cold. Adding a radiatively active, non-condensable gas
(in this case CO;) resolved this problem.

11
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study, as well as an earlier study by Jeevanjee and Romps (2018), also found a nearly fixed
tropopause temperature (AT, /ATs = 0.04 in Seeley et al.) This led Seeley et al. to propose a
fixed tropopause temperature (FiTT). Our No Os experiment’s tropopause trend ATy, /AT is the
smallest of any experiment we perform, which we interpret to be consistent with Seeley et al.
(though their tropopause temperature was much more strictly fixed). We shall revisit ozone later

in the article.

Finally, we verify that our choice of a small modeling domain and lack of convective organization
do not affect our earlier conclusions. Figure 2e shows the anvil and tropopause temperatures for
the two large-domain experiments, as well as the Standard experiment. In one experiment the
radiative heating is horizontally homogenized, preventing convective organization, and in the other
radiation is interactive to allow organization. Compared to the standard, small-domain simulations
presented in Fig. 1 and depicted by the black marks in Fig. 2e, the anvil temperature and tropopause
temperature are both slightly warmer but display otherwise similar trends with warming.
Convective organization does not appear to affect anvil temperature, consistent with previous
studies (Wing et al. 2020; Harrop and Hartmann 2012). Another experiment using the CAM3
radiation scheme (Collins et al. 2006) demonstrates that there is only small sensitivity to our choice

of radiation parameterization.

Throughout our experiments, we find that the temperature of the cloud anvil is empirically related
to the temperature of radiative tropopause. Figure 3a shows the anvil temperature plotted against
the tropopause temperature for each simulation we conducted. Anvil and tropopause always occur
at different locations and temperatures from one another, yet they appear closely related. If a
simulation results in a warmer tropopause, then it generally yields a warmer anvil. The anvil-
tropopause relationship is robust over 96 simulations in a wide range of model settings. This is our

central result.

12
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Figure 3. Relationship between T, and T gy,,. (A) Ty plotted against Ty, for each simulation in

this study. (B) T,,,,, plotted against T,,,,,, for each simulation in this study.

a. Radiatively-Driven Convergence

The cloud fraction profile is the result of sources and sinks of cloudy air: detrainment from the
convective core and evaporation into the environment, respectively (Seeley et al. 2019a). We focus
on one component of the sources, due to the radiatively driven subsidence of air in clear skies

(Kuang and Hartmann 2007; Zelinka and Hartmann 2010):

&

o

2)

(UR =
Here, wy is a pressure velocity (Pa/day), Qg is the radiative heating rate (K /day) and o is the
static stability (K /Pa), given by:

[y—T
pg

o=

3)

Where I is the lapse rate (K/m), I is the dry-adiabatic lapse rate, p is density, and g is the
acceleration due to gravity. The radiatively driven horizontal convergence of air in clear skies is

then given by:
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(=Vu - U)g = dwgr/dp 4)

In the absence of mean ascent or subsidence over the domain, (—Vy - U)g is balanced by
divergence out of the convective region at the same altitude. Past modeling studies found that the
peak upper-tropospheric cloud fraction tends to be located at or near the maximum in (—V - U)g

(Kuang and Hartmann 2007; Zelinka and Hartmann 2010; Seeley et al. 2019b).

The radiative heating rate Qr from the Standard experiment is shown in Fig. 1c. Since radiation is
horizontally homogenized in our simulations, we use domain-averaged values of Qg in our
calculation. Figures 1d and le show o and wg, plotted against a temperature coordinate. The static
stability o increases with height as the atmosphere transitions from a radiative-convective
equilibrium temperature profile below to a more stable radiative equilibrium profile above. This
transition to greater static stability is coincident with a steady decline in the magnitude of Qg
toward the radiative tropopause. Therefore, wy declines sharply with altitude at that level. The
peak in radiative convergence (—Vy - U)g occurs there, as shown in Fig. 1f. The peak in
(—Vy - U)g moves to a higher temperature as the surface temperature increases, much like the
cloud fraction in Fig. 1b. The magnitude of (—Vy - U)y also declines, primarily due to increasing
o. This matches a decline in anvil cloud extent seen in Fig. 1a, consistent with the “stability iris”

hypothesis described by Bony et al. (Bony et al. 2016).

The relationship among tropopause temperature, convergence temperature, and anvil temperature

is robust across all the experiments in this study. We define a convergence-weighted temperature

. . g ]
similar to how we defined an anvil temperature before: T, = f;s"//": T(p) - aLpR (p) dp, where
80%,

Pgog,t and Pgog, 1 are the highest and lowest pressure levels where (—Vy - U)p is at least 80% of
its maximum value. Figure 3b shows the relationship between this convergence-weighted
temperature and anvil temperature. As found by previous studies of CRMs, GCMs, and
observations, the temperature of cloud anvils is well-predicted by the convergence temperature.
The empirical relationship between tropopause temperature, anvil temperature, and convergence
temperature suggests that anvil and tropopause arise from related physics. Insofar as radiative
tropopause lies above a rapid decline in Q; with height or an increase in o with height, then large
values of radiatively driven convergence may be found there via Egs. (2) and (4). However, any

prospective explanation of the anvil-tropopause relationship must account for the distance between

14
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the tropopause (open circles in Figs. 1¢ and 1d) and the location of maximum radiatively-driven

convergence (closed circles in Figs. 1c and 1d).
b. Tug of war: rising Os profiles vs. surface warming

Our Standard simulations used an ozone profile which is fixed in pressure despite a warming
surface. This is unrealistic. In the real tropical atmosphere, the ozone profile should evolve in
response to the changing location of tropopause as tropospheric mixing reduces ozone.
Additionally, upward transport of ozone may increase as stratospheric upwelling intensifies with
surface warming (Lin et al. 2017). This will alter the equilibrium tropopause temperature, as ozone
is the main absorber responsible for radiative heating there (Thuburn and Craig 2002). As shown
in our simulations, surface warming leads to a warmer tropopause with a fixed Os profile.
However, lifting the O3 profile can lead to the local decline of ozone heating, which tends to reduce
temperature. Therefore, there is a "tug of war” between the two effects to determine how
tropopause temperature responds to climate warming in the real tropical atmosphere. Thus, we

cannot predict anvil or tropopause’s temperature trend with warming using a fixed ozone profile.

To investigate the role of ozone, past studies have artificially increased upper-tropospheric ozone,
leading to greater anvil temperature (Kuang and Hartmann 2007) as well as greater tropopause
temperature (Birner and Charlesworth 2017; Dacie et al. 2019). Other authors have simply
removed ozone entirely, as in our No O3 experiment (Jeevanjee and Romps 2018; Seeley et al.
2019b; Harrop and Hartmann 2012). However, those idealized treatments of the ozone profile
cannot provide a quantitative estimate of how ozone influences the warming trend of anvil or
tropopause. Does the rising troposphere or declining ozone concentration win the tug of war, or
do they cancel one another? To answer that question, we shall prescribe ozone from the Whole
Atmosphere Community Climate Model (CESM2-WACCM®6), which employs coupled ozone
chemistry (Gettelman et al. 2019).

We use WACCMG6 data from a pre-industrial control run in which the CO2 concentration is fixed
at 280 ppm (“piControl”), as well as a simulation of the surface and atmosphere’s response to an
abrupt quadrupling of CO:2 concentration (“abrupt-4xCO2”) (Eyring et al. 2016; Danabasoglu
2019). For either simulation we average the final 50 years of data, within 10 degrees of the equator.

In that region, tropical sea surface temperature increases from 301.21 K at the end of the piControl
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Figure 4. CESM2-WACCM simulations and WACCM-informed SAM simulations. (a) CESM2-
WACCM ozone. (b) Cloud fraction plotted against a temperature coordinate. (c) Radiative heating
plotted against temperature. (d) Normalized cloud fraction for the SAM simulations based on WACCM
surface temperature and ozone. (e¢) Radiative heating for the SAM simulations based on WACCM surface

temperature and ozone.

305 simulation to 306.65 K at the end of the abrupt-4xCO2 simulation. Figure 4a shows that the ozone

306  concentration decreases below the 20 hPa level and increases above. The ozone profile shifts
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upward as the surface warms. Figure 4b shows that the normalized cloud profiles are nearly the

same in a temperature coordinate.” WACCM simulates a FAT in the deep tropics. Figure 4c shows

that WACCM simulates a FiTT in the deep tropics: tropopause temperature increases by only 0.05
K. The coarse resolution and small surface temperature increment of the GCM output undercut the

precision of this estimate, but it is nevertheless a striking result.

To what extent does the shifted ozone profile account for the apparent temperature-invariance of
the WACCM tropopause and anvil clouds? We modify our Standard formulation of 2D SAM. We
conduct one simulation with the piControl surface temperature and ozone profile and a second
simulation with the abrupt-4xCO2 surface temperature and ozone profile. As a mechanism-denial
experiment, we conduct a third simulation with the warmer abrupt-4xCO2 surface temperature,
but the lower piControl ozone profile. Unlike the GCM simulation, we fix COz at 280ppm to isolate

only the direct effects of surface temperature and ozone.

Figure 4d shows the cloud fraction profiles of the WACCM-informed SAM simulations. With
ozone prescribed to match the surface temperature, the cloud fraction profile is nearly unchanged
with respect to temperature. T,,,,, calculated according to Eq. (1). increases by 0.4 K so that
AT, /AT = .07. When ozone is instead fixed, T, increases by 1.5 K so that A T,,,,,/AT; = .28.
Figure 4e shows the radiative heating profiles of all three simulations. When ozone matches the
surface temperature, Ty, increases by 0.7 K so that A Ty, /AT = .13. When ozone is instead
fixed, Tyyop increases by 2.1 K so that ATy, /AT, = .39. The ozone-shifted results resemble the
idealized No-Os3 experiment presented earlier. For both anvil and tropopause, the shifted ozone
profile offsets most of the warming that would occur with fixed ozone. Therefore, we find it
plausible that the effects of increasing surface temperature and a lifted ozone profile roughly cancel

one another to produce a FiTT as well as a FAT in the real atmosphere.
4. Discussion

We have shown that the temperatures of cloud anvils and radiative tropopause strongly covary

across a wide range of model settings and surface temperatures in a 2D cloud-resolving model.

2 T,nv as calculated from Eq. (1) decreases from 217.2 K to 216.6 K. However, due to the coarseness of the GCM
output, the sign and magnitude of that change depend non-monotonically on what percentage threshold we
consider as the “anvil” in that formula.
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This affirms the commonly held intuition that anvils simply occur near the top of the troposphere
where the radiative cooling rate declines towards zero. Our result is significant in light of a recent
contrary result. Seeley et al. (Seeley et al. 2019b) found that anvil temperature increased in spite
of a fixed tropopause temperature in CRM simulations without ozone. We did not replicate that
result exactly, but the anvil-tropopause relationship is least robust in our experiment without ozone
(see Figs. S2 & S3 for results using different definitions of the anvil temperature). This suggests
that ozone heating — from solar radiation as well as absorption in the longwave water vapor window
— may be essential to the anvil-tropopause relationship. In our Standard simulations the distance
between anvil and tropopause is 2-3 km, substantially less than the 5-10 km reported by Seeley et
al. Insofar as modeling choices or actual physics place the anvil further from tropopause, their
respective temperatures may become decoupled. Additionally, while the anvil temperature tends
to track with the tropopause temperature, their trends do not always correspond one-to-one in our
simulations. This is most apparent in Fig. 2a. When COz2 is removed, the modeled tropopause
temperature declines more than anvil temperature. Even though anvil and tropopause appear to be

related phenomena, we should be cautious of conflating the two.

We also find that the anvil temperature closely matches the temperature of maximum radiatively
driven clear-sky convergence in the upper troposphere. This is consistent with the conventional
understanding that detrainment due to clear-sky convergence is principally responsible for the
location of anvil clouds. It is also consistent with an explanation offered by Seeley et al. (Seeley
et al. 2019a): anvil clouds reach their maximum extent where the decline in detrainment with
height overtakes the increase in cloud lifetimes with height due to slow evaporation. If radiatively-
driven convergence is the principal cause of detrainment, and it declines sharply above its peak,
then the anvil will appear there. In either case, this agreement with the previous literature suggests

that our choice of a 2D CRM does not significantly compromise the relevance of our results.

Our WACCM-informed simulations, in which the ozone profile was lifted to match the surface
temperature, showed that tropopause temperature may in fact be nearly fixed. Notably, GCMs
typically show temperature to be increasing in the tropical tropopause layer temperature, while
observations show it to be modestly declining (Thompson and Solomon 2005; Cordero and Forster
2006; Gettelman et al. 2010; Emanuel et al. 2013). This bias has been attributed to the prescribed

ozone profiles typically used in GCMs, among other factors. Insofar as the tropopause layer is
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biased towards warming in GCMs, then our results suggest the anvil temperature may also be
biased towards warming. This would introduce a negative bias in cloud longwave feedback.
Indeed, Nowack et al. (Nowack et al. 2015, 2018b) found that a prescribed, fixed ozone profile
reduced tropical upper tropospheric clouds in GCM simulations of climate warming, yielding
difference of about -0.1 W/m?/K in cloud longwave feedback compared to simulations with
interactive ozone. The representation of clouds may be improved in models if ozone can respond
to the rising tropopause, as suggested in recent literature (Nowack et al. 2018a; Hardiman et al.

2019).

Finally, we mention several caveats to this study. To afford the computational expense of
conducting 99 five-hundred-day simulations, we use a small, two-dimensional domain. We
prescribe no mean ascent or descent, whereas real tropical anvil clouds form in the context of mean
ascent in both the troposphere and stratosphere. Our analysis relates cloud amount to the
radiatively driven convergence in clear skies. However, that is not a closed budget for cloud
amount. Other factors are known to cause detrainment from the convective core, and cloud amount
further depends on its lifetime after detrainment (Seeley et al. 2019a,b). As with other studies on
this topic, we only consider the temperature of the cloud near its peak amount, not its effective

radiating temperature, which may be different.
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Figure S1. Non-monotonic behavior of the anvil peak. Profiles of cloud fraction, plotted against a
temperature coordinate for (a) the Standard experiment, (b) the Standard-no CO, experiment, (c) the 2x
Solar experiment, and (d) the No O3 experiment. The circles mark the maximum in upper-tropospheric
cloud fraction. In the 2x Solar and No O3 experiments, temperature of maximum cloud fraction suddenly
shifts as the shape of the cloud fraction profile changes.
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