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ABSTRACT: One-year-long global kilometer-scale simulations with prescribed sea surface temperatures are presented
that are used to study how clouds, convection, and the tropical circulation change under two different warming patterns.
The warming patterns, one of which exhibits La Nifia-like characteristics and the other an El Nifio-like feature, are added
to the historical year 2020 and derived from past observed sea surface temperatures. They contain both signatures of natu-
ral variability and climate change. Climate sensitivities distinctly differ depending on the warming pattern, mainly due to
diverse changes in low clouds over the eastern tropical Pacific. These changes are connected with alterations in larger-scale
circulations. Processes related to the interaction between clouds, convection, and circulation are further examined with a
focus on the tropical Pacific. Better understanding those processes helps elucidate apparent discrepancies between recent
observed trends over the tropical Pacific and trends simulated by low-resolution global climate models. Evidence suggests
an active role of moisture dynamics in shaping low-level moist static energy anomalies over the western tropical Pacific and
a positive feedback of resulting moist convection on larger-scale zonal circulations, including over the eastern Pacific sub-
sidence region. Complementary to the global kilometer-scale simulations, the same experiments are conducted with a
lower-resolution model version in which convection is parameterized. Even though climate sensitivities and the broad
responses are not strongly changed, the differences in the convection-permitting experiments might still be consequential
in global coupled climate simulations.
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1. Introduction feedbacks are mediated mainly through surface temperature
changes (e.g., Tomassini et al. 2013; Loeb et al. 2016). More-
over, these feedbacks, and in particular the response of clouds
to surface temperature changes, depend on the geographical
pattern of the change (Andrews et al. 2015; Stevens et al.
2016; Andrews et al. 2022). Since not only the global-mean
temperature but also the pattern of surface temperature
change exhibits variability in time, climate change feedbacks
such as the cloud or lapse rate feedback also show an evolu-
tion in time (Senior and Mitchell 2000; Armour et al. 2013).
The dependence of climate change feedbacks on patterns of
surface temperature change has been particularly notable in the
; . ‘ region of the tropical Pacific over recent decades (Fueglistaler
an(.)lV?.bOth a climate change signal as .well as aspects _Of nat}lral 2019; Dong et al. 2019; Fueglistaler and Silvers 2021; Ceppi and
Vanab]hty.. In the present study, gl‘obzA\l lfﬂorr.leter?s?ale snnulatl(.)nS Fueglistaler 2021; Watanabe et al. 2023). Especially over the
are used in a methodology that is similar in spirit to a storyline tropical Pacific, but also in other parts of the world, the develop-
approach (Shepherd 2019; Ghosh and Shepherd 2023). Possible ing warming pattern is likely related to the coupling between
future climate outcomes are investigated that can involve both .. ve tion and the atmospheric circulation in one way or an-
natural variability and climate change with a focus on physical ey (Back and Bretherton 2005; DiNezio et al. 2009; England
Processes. et al. 2014; Tomassini et al. 2015; Tomassini 2020). Thus, the
Surface temperature or near-surface temperature is an ob- question of how surface warming patterns evolve over time is re-
vious place to start. Changes in surface temperature are not  ja¢eq to how the tropical circulation, the structure of the tropical
only important due to their direct effect on ecosystems and  4mosphere, and tropical convection alter and interact with each
livelihoods; it has also been established that climate change  her (Hartmann et al. 2022). The interaction between convec-
tion and the tropical circulation under warming is an intricate
and multifaceted question, and some advances in understanding
Denotes content that is immediately available upon publication  the problem have been made mainly based on idealized studies
as open aceess. (Jenney et al. 2020; Jeevanjee 2022). However, idealized model
experiments often make simplifying assumptions such as atmo-
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metoffice.gov.uk its environment. These assumptions are not always accurately

In various ways, the climate change signal has been emerg-
ing from natural variability or reached an amplitude of similar
magnitude over recent years. It is often not possible to clearly
separate the effects of natural fluctuations from the influence
of external forcings based solely on observations. However, a
clear separation of climate variability from long-term climate
change is not always the appropriate or most pressing ques-
tion. A better understanding of multiannual or multidecadal
changes of the climate system, and the processes involved, can
be an equally or even more important objective. Under the given
circumstances, these multiannual and multidecadal changes will
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fulfilled in the real world, especially on shorter time scales of
hours to days or in the situation of a transient, evolving climate.

Related to observed changes in surface temperature, it has
been suggested that low-resolution global climate models
struggle to reproduce the observed warming pattern over the
tropical Pacific in recent decades, in particular after 1980 and
up to the year 2014, even when taking natural variability into
account (Cane et al. 1997; Seager et al. 2019, 2022; Wills et al.
2022). Recent sea surface temperature (SST) trends in the
tropical Pacific have exhibited a more La Nifia-like feature,
while low-resolution coupled climate models project longer-
term warming patterns that resemble El Nifio-like conditions.
A key process that is not resolved in low-resolution climate
models and has to be parameterized in the form of a simple
one-dimensional column model is atmospheric convection.
The issue with parameterizing convection is not only the sim-
plified representation of the process but also the way in which
convection is coupled to the larger-scale atmospheric dynam-
ics in such low-resolution models. Convection-permitting sim-
ulations which partially resolve convection, in contrast, can
produce different atmospheric profiles (Holloway et al. 2012)
and, in principle, couple differently to larger-scale tempera-
ture gradients and atmospheric circulations in the tropics
(Tomassini 2020).

In the present study, we use a global convection-permitting
atmospheric model which partially resolves convection and
compare it to lower-resolution simulations with parameter-
ized convection. The model is run for the historical year 2020
using prescribed daily varying SSTs. Two additional 1-yr-long
simulations are performed each with a different sea surface
temperature pattern added to the time-varying SSTs of the
year 2020. The two warming patterns are chosen in such a
way that one exhibits more “La Nifia-like” characteristics and
the other exhibits a more “El Nifio-like” feature. Our work
complements other studies which have prescribed a uniform
warming pattern on top of the historical year (Cheng et al.
2022; Bolot et al. 2023).

The atmosphere-only simulations cannot explain how and
why the historical sea surface temperature warming patterns
developed over the tropical Pacific. However, a better under-
standing of how clouds, convection, and the tropical circula-
tion interact and respond to different warming patterns can
give insights into feedbacks which are likely to be important
in the processes that influence the warming patterns.

The article is structured as follows. Section 2 describes the
numerical experiments and the model configurations that are
used. The model configurations include a convection-permitting
5-km resolution model and a 25-km resolution setup with param-
eterized convection. In section 3, the climate sensitivities of the
different model configurations under different warming patterns
are estimated, and the connection of climate sensitivity with cloud
and circulation changes is explored. To better understand the con-
nection between clouds and the characteristics of the atmospheric
circulation in the tropics, the response of the distributions of ver-
tical motion and their relationships to clouds is first examined
for the tropics as a whole in section 4. Section 5 then zooms
into the tropical Pacific, a region of global importance when it
comes to climate change, and investigates the link between the
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FIG. 1. El Nifio Southern Ocean 3.4 index based on the HadISST
dataset (Rayner et al. 2003). The figure illustrates the motivation
for the definition of the two warming patterns. The first pattern is
defined as the difference between the mean over the years 2009-13
and the mean over the years 1979-83; this difference results in a
La Nifia—like anomaly. The second pattern is defined as the differ-
ence between the mean over the years 2015-19 and the mean over
the years 1985-89; this difference results in an El Nifio-like anom-
aly. A 30-year period lies between the two averaging intervals that
define the respective patterns. The smoothing of the ENSO-3.4
time series uses a locally weighted linear regression with 5% of the
data used when estimating each y value.

larger-scale atmospheric circulation, rainfall, and clouds, both in
the historical 2020 experiments on time scales of days and in the
different warming experiments analyzing changes in yearly
mean characteristics. A section with a summary and discussion
concludes the article.

2. Model experiments and configurations

For the present study, three 1-yr-long global 5-km resolution
simulations were performed using the Met Office Unified Model
in a convection-permitting configuration. In the first experiment,
the historical year 2020 is simulated with prescribed, daily vary-
ing SSTs using Operational SST and Ice Analysis (OSTIA). In
the two other yearlong simulations, two different constant warm-
ing patterns are added to the historical SSTs of the year 2020,
and the resulting daily varying SSTs are used to force the global
atmospheric model. In addition, the same three 1-yr-long simula-
tions were also conducted with a 25-km resolution model config-
uration in which convection is parameterized.

The warming patterns are constructed by averaging ERAS
(Hersbach et al. 2020) SSTs over two 5-yr-long historical peri-
ods and subtracting them from each other. The first warming
pattern (pattern 1) is the mean over the years 2009-13 minus the
mean over the years 1979-83; the second pattern (pattern 2) is
the mean over the years 2015-19 minus the mean over the years
1985-89. The averaging periods are indicated in Fig. 1. The main
motivation for choosing the different periods is related to El
Niflo-Southern Oscillation (ENSO) variability in the tropical
Pacific. Pattern 1 is constructed in such a way that it exhibits a
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b) El Nifio-like pattern Difference to 2020

FIG. 2. The two SST patterns that are added to the daily varying SSTs of the year 2020 for the warming pattern experiments. (a) La Nifia—
like warming pattern. (b) El Nifio-like warming pattern. Here, the patterns are shown at 25-km resolution.

pattern strongly influenced by a La Nifia phase in the tropical
Pacific, and pattern 2 is defined in such a way that it exhibits a
pattern strongly affected by an El Nifio phase. For ease of read-
ing, we call pattern 1 the La Nifia-like pattern and pattern 2 the
El Nifio-like pattern in the following (Fig. 2). The two patterns
are warming patterns in the sense that for each pattern, there is a
30-yr period in between the two 5-yr averaging intervals, and
therefore, a global-mean temperature warming is implicit in the
two patterns apart from the respective signature of natural vari-
ability. The difference between the two patterns that is most rele-
vant in the context of the present study is related to the warming
signal over the tropical Pacific: in the La Nifa-like pattern, the
western Pacific deep convective region warms significantly,
whereas the eastern Pacific subsidence area cools, and in the
El Nifio-like pattern, the warming extends across the whole of the
Pacific with more pronounced warming in the eastern and central
equatorial Pacific compared to the western part of the basin.

To be able to identify distinct signals in the warming simu-
lations, the two patterns are scaled: the La Nifa-like pattern
is scaled by a factor of 10 and the El Nifio-like pattern is
scaled by a factor of 5.2. The scaling factors were chosen in
such a way that the global-mean SST warming is about the
same for both patterns and lies between 3° and 4°C. Due to
the different degrees of land warming in the two simulations,
the global yearly mean temperature change is 3.9°C in the
La Nina-like warming pattern simulation and 3.1°C in the
El Nifo-like warming pattern simulation; the tropical-mean
warming is very similar in magnitude in both patterns, though.
All simulations are initialized from ERAS initial conditions.
The historical year 2020 simulation is started on 1 January
2020. The warming simulations are started on 1 December
2019; from there, the warming patterns are ramped up linearly
over the course of December 2019 in such a way that they at-
tain their scaled value on 31 December 2019. The ramping up
of the warming patterns over the course of 1 month allows for a
certain degree of adjustment of quantities such as soil moisture.

The sea ice cover in the warming simulations is adopted
from the daily varying year 2020 sea ice. When adding the
warming patterns to the SSTs of the year 2020, two conditions
are observed. The SST is not changed when and where there

is sea ice. Moreover, the 10% and 90% quantiles over all grid
points are computed for the two warming patterns based on
all grid points of the ERAS skin temperature, including land
points. The two quantiles are then used to cap the SST pat-
terns (before scaling) prescribed in the warming simulations.
The latter condition is introduced in order to avoid very ex-
treme local SST changes after scaling the patterns. Figure 3
(top row) shows the warming patterns in ERAS, including
land points, and the warming patterns based on the yearly
mean surface temperature change between the warming simu-
lations and the historical year 2020 simulation at 5-km resolu-
tion (bottom row). It is interesting to note that the land
temperature changes are somewhat different in ERAS com-
pared to the corresponding 5-km resolution model simula-
tions, an issue that is not further investigated here. The yearly
mean surface temperature changes are quite similar in the
25-km resolution simulations as they are in the 5-km resolu-
tion simulations (not shown). The differences to ERAS could
be caused by biases in the land surface scheme, limited spinup
of land surface processes, a nonlinear response of land temper-
atures to the scaling of the prescribed SST patterns, or the fact
that aerosols are not changed in the warming experiments.

As mentioned in the introduction, the imprint of ENSO
variability in the warming patterns is of interest because longer-
term, multidecadal warming signals can show features similar
to ENSO-related anomalies in the tropical Pacific. For instance,
the observed near-surface temperature trend over the years
1991-2020 (Fig. 4) exhibits a La Nifia-like structure over the
tropical Pacific. The linear trends computed from three dif-
ferent observational datasets, NOAA GlobalTemp version 5
(Zhang et al. 2023), HadCRUTS (Morice et al. 2021), and
ERAS (Fig. 4), have similar spatial features with equal or more
pronounced warming in the western tropical Pacific deep con-
vective areas compared to the eastern Pacific subsidence regions.
The long-term warming patterns of global coupled climate mod-
els, on the other hand, typically show El Nifio-like characteris-
tics with more distinct warming in the equatorial eastern Pacific
(DiNezio et al. 2009). Linear warming trends over the model
years 1984-2014 from arbitrarily selected realizations of the
historical simulations in four coupled global climate models
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FIG. 3. (top) The two unscaled patterns as derived from ERAS skin temperature, including land temperatures. (bottom) Difference be-
tween the yearly mean surface temperature of the respective warming pattern experiment and the historical 2020 simulation based on the

5-km resolution model experiments.

(Fig. 5) show a mixture of aspects, but the gradient of the
warming trend in the tropical equatorial Pacific from the
western Maritime Continent to the eastern subsidence region
off the coasts of Ecuador and Peru typically exhibits the op-
posite sign compared to the observational datasets. In the
historical simulations shown in Fig. 5, the difference between
models and observations may not be particularly obvious, ex-
cept for the Met Office Hadley Centre (MOHC) model. A
discussion of the multimodel mean trend over a similar time
period can be found in Seager et al. (2022). For statistical

a) NOAA data temperature trend 1991-2020

b) HadCRUTS temperature trend 1991-2020

analyses of the discrepancy between models and observa-
tions, often a relatively restricted latitude band around the
equator is considered such as 10°S-10°N, or narrower (Seager
et al. 2022).

We turn to the description of the global model configurations
used in the present study. For the 5-km resolution convection-
permitting simulations, the configuration MidLevShConv25RAturb
is employed as described in Tomassini et al. (2023) with two minor
modifications which are designed to make the model more stable,
particularly in polar regions. The fraction of maximum diffusion in

<) ERAS skin temperature trend 1991-2020
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FIG. 4. Observed surface or near-surface temperature linear trends over the period 1991-2020 based on different observational prod-
ucts. (a) NOAA GlobalTemp version 5 dataset (Zhang et al. 2023), (b) HadCRUTS dataset (Morice et al. 2021), and (c) ERAS skin

temperature.
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FIG. 5. Near-surface temperature linear trends over the period 1984-2014 from four models of the phase 6 of the Coupled Model Inter-
comparison Project (CMIP6) based on an arbitrarily chosen realization of the coupled historical simulation. (a) MOHC model
(HadGEM3-GC31-LL), (b) Max Planck Institute for Meteorology (MPI-M) model (MPI-ESM1-2-LR), (c) L'Institut Pierre-Simon
Laplace Coupled Model, version 6A, low resolution (IPSL-CM6A-LR), and (d) National Center for Atmospheric Research (NCAR)

model (CESM2).

the boundary layer blending scheme (Boutle et al. 2014) is de-
creased from 0.75 to 0.5, and the parameter in the nonlinearity set-
ting for the boundary layer solver in the case of stable boundary
layers is increased from 2 to 4. Both changes help minimize model
failures in or near the top of the boundary layer at high latitudes.
In all the simulations, there were only two model failures, namely,
in the La Nifa-like warming simulation. Both model failures could
be circumvented by reducing the model time step from 90s to 60s
for the duration of the particular model day on which the failure
occurred. The configuration MidLevShConv25RAturb is a
convection-permitting configuration with a reduced mass-flux
convection scheme; in Tomassini et al. (2023), it was estimated
that about 30% of the rainfall is produced by the convection
parameterization and 70% of the rainfall is produced by the
large-scale microphysics scheme. The 25-km resolution simula-
tions are based on the configuration GA7.0 (Walters et al.
2019) for which convection is mostly parameterized. The
global model configuration GA7.0 was also used as a reference
in Tomassini et al. (2023). One should note that the shallow
convective mass flux is reduced only modestly in MidLevSh-
Conv25RAturb, and therefore, the parameterization of shallow
convection does not differ strongly between the configurations
GA7.0 and MidLevShConv25RAturb. However, the treatment

of turbulence in the boundary layer and the convective mass
flux out of the boundary layer related to deeper clouds is repre-
sented substantially differently.

The top-of-the-atmosphere (TOA) radiative fluxes in the histor-
ical year 2020 simulations are close to being balanced and in quite
good agreement with observational estimates. For the 5-km reso-
lution simulation, the global-mean net radiative flux imbalance av-
eraged over the whole year is —0.47 W with 240.40 W m ™ for the
global-mean outgoing longwave radiative flux and 10049 W m >
for outgoing shortwave radiative flux. The same quantities for the
25-km resolution simulation are —0.2 W m~2 TOA net radiative
flux imbalance with 242.05 W m ™2 for the global-mean outgoing
longwave radiative flux and 98.57 W m ™2 for the outgoing short-
wave radiative flux. Diibal and Vahrenholt (2021) give observa-
tional estimates for the year 2020 TOA outgoing longwave
radiative flux of 2409 and for the outgoing shortwave radiative
flux of 983 Wm ™2

3. Climate sensitivity and cloud response

As already discussed in the introduction, previous work
suggests that the sensitivity of the climate system to warming
depends on the pattern of warming. This question merits
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TABLE 1. Changes in TOA radiative fluxes, the global-mean temperature, and climate sensitivity estimates for the two warming
patterns at 5- and 25-km resolution. The first column indicates the experiment. The second column includes the yearly mean
difference in TOA OLR between the warming pattern experiment and the historical 2020 simulation. The third column includes the
yearly mean difference in TOA OSR between the warming pattern experiment and the historical 2020 simulation. The fourth column
contains the yearly mean difference in net TOA radiative flux between the warming pattern experiment and the historical 2020
simulation. The fifth column gives the global-mean temperature change. The sixth column shows the climate sensitivity estimate
based on the respective experiment.

ATOA OLR ATOA OSR ATOA net radiative Climate
Warming experiment (Wm™?) (Wm™2) flux (W m~?%) AT (K)  sensitivity (K)
5-km La Nina-like pattern 12.57 -2.17 10.4 3.90 1.39
25-km La Nifia-like pattern 14.14 —3.96 10.18 3.97 1.45
5-km EIl Nifo-like pattern 8.09 —4.81 3.28 3.08 3.48
25-km El Nifio-like pattern 9.09 =575 334 3.18 3.53

further attention to better understand the processes involved,
in particular the role of convection and convection—circulation
coupling. Moreover, a priori, it is not inconceivable that the
convection-permitting global model responds very differently
to global warming or particular warming patterns than a
parameterized convection model. In the present section, we
therefore first estimate climate sensitivity from the different
warming simulations and then investigate the main causes of
the differing model behaviors.

a. Climate sensitivity estimates

In the atmosphere-only simulations in question, the CO,
concentration is not changed; the warming is imposed by prescrib-
ing the SSTs. There is a way of roughly estimating equilibrium cli-
mate sensitivity, the equilibrium global-mean temperature change
after a doubling of the CO, concentration in the atmosphere,
based on such simulations. The estimate is an approximation, and
it does not include all the processes. For example, the direct effect
of the CO, concentration change on atmospheric temperatures
and changes in sea ice under warming are not included. Neverthe-
less, the experience with lower-resolution simulations suggests
that the approximation gives a qualitatively useful result, espe-
cially in a relative sense when simulations and model versions
are compared with each other (Senior and Mitchell 2000;
Tomassini et al. 2013; Andrews et al. 2018; Bodas-Salcedo
et al. 2019).

To estimate climate sensitivity, taking into account that the
CO;, concentration is not changed in the different simulations,
the following formula is used:

AT
climate sensitivity = e X 371Wm™2,

where AT is the global-mean surface temperature change be-
tween the historical and the warming simulation, AG is the
net TOA radiative flux difference between the historical and
the warming simulation, and 3.71 W m ™2 is the assumed ex-
ternal forcing corresponding to a doubling of the CO, concen-
tration (Myhre et al. 1998). The idea here is to consider the
net TOA radiative flux difference between the historical and
the warming simulation as the forcing that is needed to attain
the (essentially prescribed, apart from the land temperatures)
surface temperature change. In addition, it is of interest to

consider not only the changes in the TOA net radiative flux
but also the shortwave and longwave radiative flux changes
individually because they give some indications about the pro-
cesses involved. Table 1 summarizes the result of the analysis.

b. Outgoing longwave radiative fluxes and high
cloud cover

Differences in outgoing longwave radiation (OLR) are ex-
pected to scale approximately linearly in global-mean surface
temperature (Richards et al. 2021). Indeed, the differences in
OLR between the La Nifia-like warming pattern simulations
and the El Nifio-like warming pattern simulations are largely
explained by the differences in global-mean surface tempera-
ture change when assuming a linear relationship. This holds
more so for the 5-km resolution simulations than the 25-km
resolution simulations, a point that will be discussed further
below. The remaining differences in OLR changes between
the two patterns are also partly due to differing changes in
relative humidity (Allan et al. 1999). Because the stronger dry-
ing in the La Nifia-like warming pattern simulations occurs
mainly in relatively moist parts of the tropics, the impact on
OLR changes is limited, however (Fig. 6). Moreover, changes
in OLR due to clouds occur mainly in deep convective regions
where the OLR changes are largely offset by opposite changes
in outgoing shortwave radiation (L’Ecuyer et al. 2019) and
therefore do not have a strong impact on climate sensitivity
(see Fig. 10 for the La Nifa-like warming pattern).

Outgoing longwave radiative fluxes are affected by high
clouds because high clouds have low cloud-top temperatures
and therefore typically exhibit small thermal emission compared
to the cloud-free surface (Luo et al. 2023). The difference in
changes in global-mean high cloud cover between the two
warming patterns is modest (Fig. 7). Here, high cloud cover is
defined to include clouds between 500 and 150 hPa using a max-
imum overlap assumption (Tompkins and Di Giuseppe 2015).
In the 5-km resolution La Nifia-like warming simulation, the
global-mean high cloud cover decreases by 3.8%, and in the
5-km resolution El Nifio-like warming simulation, it decreases
by 1.8%. There are, however, differences in terms of the pat-
terns of change, as to be expected.

In the La Nina-like warming simulation, there is a marked
increase of high clouds over the Maritime Continent and
along two strong low-level convergence zones in the western
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FIG. 6. (a) Yearly mean relative humidity at 700 hPa in the 5-km resolution historical 2020 simulation. (b) Yearly mean relative humid-
ity at 700 hPa in the 25-km resolution historical 2020 simulation. Changes in yearly mean relative humidity at 700 hPa for the La Nifia-like
warming pattern simulations at (c) 5-km resolution and (d) 25-km resolution. Changes in yearly mean relative humidity at 700 hPa for the
El Nifio-like warming pattern simulations at (e) 5-km resolution and (f) 25-km resolution.

tropical Pacific: one oriented toward the northeast in the North-
ern Hemisphere and one oriented toward the southeast in the
Southern Hemisphere. To some extent, the two branches are sea-
sonal features, but they are both present to varying degrees
throughout the year and related to the time-invariant warming
pattern. Conversely, in many other parts of the tropics, the inter-
tropical convergence zone (ITCZ) weakens. In particular, the
ITCZ north of the equator over the eastern Pacific vanishes

almost completely (see also the second row of Fig. 12 for the
pressure velocity at 500 hPa). In contrast, in the El Nifio-like
warming simulation, this part of the ITCZ over the eastern
Pacific becomes more pronounced, and high cloud cover over
the Maritime Continent in the western Pacific is strongly dimin-
ished or shifts to the east to some extent. Interestingly, some
other changes are quite robust across the two warming patterns,
like the decrease in high cloud cover over the Congo basin in
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FIG. 7. (a) Yearly mean high-cloud cover in the 5-km resolution historical 2020 simulation. (b) Yearly mean high-cloud cover in the
25-km resolution historical 2020 simulation. Changes in yearly mean high cloud cover for the La Nifia-like warming pattern simulations at
(c) 5-km resolution and (d) 25-km resolution. Changes in yearly mean high-cloud cover for the El Nifio-like warming pattern simulations

at (e) 5-km resolution and (f) 25-km resolution.

Africa, the oceanic ITCZ over the tropical Atlantic, and the
ITCZ over the western and eastern Indian Ocean. With regard
to these features, the lower-resolution simulations with parame-
terized convection show a more consistent behavior across the
warming patterns than the 5-km resolution convection-permitting
simulations (Figs. 7d and 7f compared to Figs. 7c and 7e). The
changes in high cloud cover closely mirror the changes in the
tropical rainbands and the divergence at 850 hPa (not shown).

The divergence at 850 hPa generally agrees well with the position
of the rainbands in the tropics (Lindzen and Nigam 1987; Back
and Bretherton 2009; Tomassini 2020).

c¢. Outgoing shortwave radiative fluxes and low
cloud cover

Low clouds do not have a strong influence on OLR because
the cloud-top temperatures of low clouds are not very
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b) Low cloud cover 25km Historical 2020
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FIG. 8. (a) Yearly mean low-cloud cover in the 5-km resolution historical 2020 simulation. (b) Yearly mean low-cloud cover in the
25-km resolution historical 2020 simulation. Changes in yearly mean low-cloud cover for the La Nifa-like warming pattern simulations at
(c) 5-km resolution and (d) 25-km resolution. Changes in yearly mean low-cloud cover for the El Nifio-like warming pattern simulations

at (e) 5-km resolution and (f) 25-km resolution.

different from the surface temperature. Due to their abun-
dance, especially over tropical oceans, they exert a strong in-
fluence on the TOA outgoing shortwave radiation (OSR),
though (Luo et al. 2023).

From the discussion so far, we can conclude that the differ-
ence in climate sensitivity between the two warming patterns
is mainly caused by the difference in the change in the out-
going shortwave radiative flux. Given that sea ice is kept fixed,

the latter is mainly related to differing changes in low cloud
cover (Fig. 8). In the 5-km resolution simulation, the reduc-
tion in OSR in the El Nifio-like warming simulation is more
than double compared to the La Nifia-like warming simu-
lation (Table 1). The reason is quite obvious when looking
at the yearly mean changes in low cloud cover for the differ-
ent simulations: in the La Nifia-like warming experiment,
there is a strong increase in low cloud cover over the central
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FI1G. 9. Tropical SST distributions of the three experiments based on yearly mean data of the 5-km resolution experiments, i.e., each
count is a yearly mean SST value of an ocean grid box between 30°S and 30°N. For the computation of the histograms, the 5-km resolution
data were regridded to the 25-km resolution model grid using a conservative area-weighted regridding scheme.

and eastern Pacific (Fig. 8). In the 5-km resolution simulation,  2019). The connection between the warm western Pacific SSTs
there is actually an increase in global-mean low cloud cover by  and the capping strength over the colder eastern Pacific comes
0.9% in the La Nifia-like warming simulation and a decrease  about because temperature gradients in the midtroposphere
by 3% in the El Nifio-like warming simulation. Here, low are relatively weak in the tropics. The warmest regions where
cloud cover is defined to include clouds between 1000 and most deep convection occurs exert a strong control on the trop-
800 hPa using a maximum overlap assumption (Tompkins ical average free-tropospheric temperature profile across the
and Di Giuseppe 2015). whole of the tropics, including the eastern Pacific subsidence
A response in the tropical Pacific analogous to that in the La  areas. By contrast, the boundary layer is strongly impacted by
Nifia-like warming simulations presented here has previously  the local surface temperatures. Therefore, over the colder wa-
been detected and discussed in investigations of historical ters of the eastern Pacific, the capping strength increases when
warming patterns and related cloud responses (Fueglistaler surface temperatures cool and free-tropospheric temperatures,
2019; Andrews et al. 2022). Fueglistaler (2019) reported that influenced by the western Pacific deep convective regions,
tropical average shortwave cloud radiative effect (SWCRE) warm as in the case of the La Nifia-like warming simulation.
anomalies observed by CERES/EBAF version 4 (Loeb et al. Tropical (30°S-30°N) SST distributions are displayed in
2018) are largely explained by the difference between tropical ~ Fig. 9 for the 5-km resolution simulations (each count repre-
average sea surface temperature and the warmest 30% of the sents a 25-km resolution grid box of yearly mean SSTs, re-
SSTs. The shapes of the SST distributions are related to the ob-  gridded from the 5-km resolution model simulation). The
served variations in boundary layer capping strength over the  histograms show that in both the El Nifio-like warming simu-
eastern tropical Pacific. The capping strength, in turn, modu- lation and the La Nifia-like warming simulation, the upper
lates cloud fraction changes over the colder waters in the tails of the distributions become heavier, but much more so in
tropics which dominate variations in the SWCRE (Fueglistaler  the latter. Figure 10a confirms that the pattern of change in

a) Outgoing shortwave radiation change La Nifia-like pattern b) Outgoing longwave radiation change La Nifia-like pattern
Difference to 2020 Difference to 2020
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-60 -40 -20 0 20 40 60
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FIG. 10. (a) Change in yearly mean TOA OSR in the La Nifia-like warming experiment compared to the historical year 2020 simula-
tion. Different boxes over which area averages are calculated and investigated are indicated: western and eastern Pacific areas (red boxes)
and a central Pacific region (blue box). (b) Change in yearly mean TOA OLR in the La Nifa-like warming experiment compared to the
historical year 2020 simulation. The changes in OLR due to high clouds in deep convective regions are largely offset by opposite changes
in OSR.

Unauthenticated | Downloaded 03/17/25 11:03 AM UTC



1 JANUARY 2025

the OSR in the La Nifia-like warming simulation is closely
connected to the previously shown change in low cloud cover
(Fig. 8c). To investigate changes in atmospheric profiles and
other quantities, three regions are defined: areas in the west-
ern and eastern Pacific (red boxes in Fig. 10a) and a region in
the equatorial central Pacific (blue box in Fig. 10a). The latter
region, mainly used to investigate changes in zonal winds, is
considered because it is the location commonly studied when
characterizing the Pacific Walker circulation. The western
Pacific box encompasses the area 125°-150°E, 0°-20°N; it is
defined to be located off the equator in order to avoid a signif-
icant amount of land points. The eastern Pacific box com-
prises the region 145°-120°W, 10°S-10°N, and the central
Pacific box comprises the region 160°E-120°W, 5°S—5°N.

Moist static energy and saturated moist static energy are use-
ful concepts for elucidating the coupling between convection
and its larger-scale environment (e.g., Raymond et al. 2009, for a
review). It is beyond the scope of the present article to provide a
comprehensive discussion, but instead, we focus here on the
most important aspects of profiles of moist static energy and sat-
urated moist static energy over the western and eastern Pacific
areas in the different simulations (Fig. 11). In the western
Pacific, the changes in profiles mainly reflect a shift in accor-
dance with the regional surface temperature changes for the
respective patterns. There are more substantial changes in the
upper troposphere that suggest deviations from moist adiabatic
lapse rates. Dry static energy profiles (Fig. 11e) reveal that the
warming simulations become more stable in the upper tropo-
sphere, with the La Nifia-like warming simulation much more
so than the El Nifio-like warming simulation. This impacts
upper-tropospheric temperature gradients across the tropics (see
also section 5b). Note that the more stable upper troposphere in
the La Nifla-like warming simulation does not imply reduced
high cloud cover in the area (Bony et al. 2016; Wing et al. 2020),
on the contrary (Fig. 7). Also, the tropical-mean surface temper-
atures are very similar in both warming simulations, again em-
phasizing that the SST distribution has a much heavier upper
tail in the La Nifia-like warming simulation than in the El Nifio—
like warming simulation.

Over the eastern Pacific (Figs. 11b,d), the most eye-catching
feature is indeed the pronounced stable layer in the upper
part of the boundary layer above a shallow mixed layer in the
La Nifa-like warming simulation. The dry static stability is
similar in the midtroposphere for the two warming simula-
tions with again the La Nifla-like warming experiment more
stable above about 250 hPa (Fig. 11f). In fact, the dry static
energy profiles are very similar in the midtroposphere in abso-
lute terms in the two warming simulations, suggesting that
they are related to the tropical-mean temperatures. In the
western Pacific, however, the dry static energy profile of the
La Nina-like warming simulation is warmer than the one of
the El Nifio-like warming experiment, implying that tempera-
ture gradients over the Pacific are not zero even in the midtro-
posphere in that case. One should note that in the tropics,
relatively small temperature gradients can induce consider-
able large-scale circulations.

There are no other obvious reasons for the increased cloud
cover over the eastern Pacific apart from the more pronounced
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capping strength in the La Nifia-like warming simulation: no dis-
tinct strengthening of wind speeds or surface latent heat fluxes
can be detected over the considered region, suggesting that the
more pronounced inversion is the main cause for trapping mois-
ture in the boundary layer and enhancing cloud cover. Qualita-
tively, the behavior of the 25-km resolution simulations is quite
similar to the 5-km resolution experiments, but there are some
quantitative distinctions which are potentially important. The dif-
ferences between the two resolutions and configurations will be
discussed in more detail in the next paragraph.

d. Differing behavior between convection-permitting and
parameterized convection simulations

From Table 1, it can be inferred that although the climate
sensitivity estimates are very similar for the 5- and 25-km res-
olution experiments, there are differences in the TOA OSR
and OLR fluxes, and these differences compensate each
other. More precisely, in the 25-km resolution simulations
with parameterized convection, the OSR reduces more in the
warming simulations, but OLR increases more, i.e., less sun-
light is reflected and more heat is radiated into space in the
25-km warming experiments. In terms of cloud cover, this
translates into the fact that both low cloud cover and high
cloud cover reduce more in the 25-km resolution simulations
compared to the 5-km resolution simulations.

It is interesting to note that also in recent warming trends
derived from observations, the aforementioned compensation
can be seen to some extent: the observed warming trend is
mainly due to a reduction in OSR which is partially offset
by an increase in OLR (Diibal and Vahrenholt 2021). As
discussed in section 3b, in this context, the increase in OLR
is expected due to the global-mean temperature increase
(Jeevanjee and Fueglistaler 2020).

The patterns of change are not fundamentally different be-
tween resolutions, but there are some notable distinctions.
The difference between resolutions is larger for the La Nifia—
like warming simulation than for the El Nifio-like warming
simulation; therefore, we restrict the discussion to the former
for the sake of brevity. One could speculate that this is related
to the fact that there are stronger changes in circulations in
the La Nifia—like warming simulation than in the El Nifio-like
warming simulation, and the coupling between circulation
and moist convection is a main difference between the lower-
resolution parameterized convection simulations and the
higher-resolution convection-permitting simulations.

The 25-km resolution warming simulations tend to dry
somewhat more strongly in the midtroposphere (Figs. 6d,f).
The difference in high cloud changes is quite distinctive over
the western tropical Pacific: the high cloud cover increases are
more pronounced in the 5-km resolution simulation than in
the 25-km resolution simulation (Figs. 7c,d), consistent with
the idea that the coupling between convection and circulation
is more intimate in the 5-km resolution model. On the other
hand, the increases in low cloud cover over the eastern tropical
Pacific are not obviously stronger in the 5-km resolution simu-
lation than in the 25-km resolution simulation (Figs. 8c,d), pos-
sibly because low clouds are mostly parameterized at both
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FIG. 11. Mean moist static energy and saturated moist static energy profiles for the western
Pacific and eastern Pacific areas as defined in Fig. 10a. Both the results from the (top) 5-km reso-
lution and (middle) 25-km resolution experiments are shown. Solid lines represent moist static
energy and dashed lines saturated moist static energy in the upper two rows. The different colors
correspond to the different experiments. (bottom) Mean dry static energy profiles at 5- and
25-km resolution for the western Pacific (bottom-left panel) and the eastern Pacific regions
(bottom-right panel).
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resolutions. The differences in low cloud cover seem to be
more subtle. In fact, some of the differences in OSR may actu-
ally be due to medium and high clouds rather than low clouds.
This is plausible given that the differences in model formula-
tion related to the shallow convection scheme are modest be-
tween the two resolutions, as noted in section 2.

With regard to the atmospheric profiles in the western and
eastern Pacific (Fig. 11), they confirm the stronger midtropo-
spheric drying in the 25-km warming simulations compared to
the corresponding 5-km simulations. This is particularly nota-
ble in the lower part of the midtroposphere between about
800 and 600 hPa, part of which will occasionally be in the
cloud layer. In the western Pacific deep convective region, the
25-km resolution simulation is warmer in the midtroposphere
and upper troposphere than in the 5-km resolution simula-
tion. This is true not only for the La Nifa-like warming simu-
lation but also for the El Niflo-like warming simulation and
the historical year 2020 control. In the eastern Pacific sub-
sidence region, there is more warming around 700 hPa, less
around 400, and more above about 250 hPa in the 25-km reso-
lution La Nifia-like warming simulation compared to the
5-km resolution La Nifia-like warming simulation. As already
mentioned, the dry static energy profiles of the La Nifia-like
warming simulation and the El Nifio-like warming simulation
are close in the eastern Pacific between 850 and about
250 hPa, particularly for the 25-km resolution simulation for
which the profiles are almost identical in this altitude range
(Fig. 11f).

The moist static energy profiles in the eastern Pacific are
quite well mixed through the midtroposphere in both resolu-
tions but at a higher value in the 5-km resolution simulation
mainly due to the higher moisture content. So in terms of dry
static stability, the eastern Pacific boundary layer capping
strength is stronger in the 25-km resolution simulation, but in
terms of moist static stability, it is stronger in the 5-km resolu-
tion simulation.

The structure of the atmospheric profiles and the connec-
tion between the western and eastern tropical Pacific are in-
fluenced by the atmospheric circulation. In the next section,
we will investigate aspects of the circulation and the coupling
between moist convection, clouds, and the large-scale atmo-
spheric circulation. Before focusing more specifically on the
tropical Pacific region, some general features of changes in
the tropical circulation under the different warming patterns
are investigated.

4. Changes in the tropical circulation and related
convection—circulation interactions

Idealized studies have investigated changes in the tropical
circulation under warming (Jenney et al. 2020; Jeevanjee
2022). Here, we want to test some of those ideas under more
realistic conditions using kilometer-scale global simulations
and exploring the dependence on the pattern of warming.
Starting from these more general considerations, we will then
go on to examine changes in the circulation over the tropical
Pacific more specifically and how these changes may relate to
changes in clouds and convection in the region.

TOMASSINI 69

Changes in the tropical circulation under different
warming patterns

There are different possible definitions of the strength of
the tropical circulation, and what definition to consider de-
pends on the research question. One definition that is particu-
larly relevant for convection and rainfall processes is the
strength of the convective mass flux in the tropics (Held and
Soden 2006; Jeevanjee 2022). In the tropics, the convective
mass flux is approximately the upward mass flux (Gross et al.

2018).
Since we will only use daily mean data, it is justifiable
to evoke the approximation w ~ —w X g X p, where w is the

vertical pressure velocity, g is the acceleration due to gravity,
w is the vertical velocity, and p is the air density. The (upward)
mass flux is then defined as

)
mass flux = —.

For the vertical pressure velocity, we only consider the re-
solved, grid-scale quantity. This will give a reasonable quantitative
picture in the case of the 5-km resolution convection-permitting
simulations. For the 25-km parameterized convection model, a
large part of the convective mass is subgrid, and the explicit mass
flux only provides a qualitative measure.

When describing changes in the upward mass flux with
warming, it is important not only to consider the mean over
the areas over which the mass flux is upward but also to take
into account that the extent of these areas or the frequency of
upward motion can change. In the following, we restrict the
investigation to the tropics which is defined to stretch from
30°S to 30°N and, for simplicity, to normalize the total area of
the tropics to 1. In other words, assume that the upward mass
flux is constant in the tropics (C kg m ™ s~ ), then we define
the total upward mass flux in the tropics (C kg s™1). If the
upward mass flux is not constant, then the values will be area-
weighted in such a way that the total area of the tropics is nor-
malized to 1. The analogous weighting and normalization are
applied in time, and in the following, it is understood that
both the area over which upward mass fluxes are considered
as well as their frequency of occurrence (i.e., the frequency
when the mass flux is upward and not downward) are taken
into account.

n_days n_grid_cells

Tropical mass flux = P Pl Faysakm?kp’ 1)

where a, are the area weights such as

n_grid_cells

a, =1, 2
= @
and my is the respective daily mean mass flux of the grid cell
if it is upward and zero otherwise. Only grid cells in the
tropics are considered, i.e., n_grid_cells is the number of grid
cells between 30°S and 30°N and n_days = 366 is the number
of days of the year. With this definition, the values for the
changes in the tropical upward mass flux for the different

warming simulations are summarized in Table 2.
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TABLE 2. Changes in tropical (30°S-30°N) upward mass flux for the different warming experiments and resolutions; the percentage
changes in brackets are computed relative to the respective historical 2020 experiments. The daily mean values are area weighted in
such a way that the total area of the tropics is normalized to 1, and an analogous weighting and normalization are applied in time.
This way both the extent of the area over which the mass flux is upward is considered as well as the frequency.

Area weighted upward mass
flux change, 500 hPa

Warming experiment

Area weighted upward mass
flux change, 850 hPa

5-km La Nifa-like pattern
25-km La Nifa-like pattern
5-km El Nifio-like pattern
25-km El Nifio-like pattern

—0.467 X 1072 kg s (—11.84%)
—0.282 X 10 > kg s~ ! (—9.18%)
—0.256 X 102 kg s~ (—6.49%)
—0.171 X 103> kg s~ (—=5.56%)

+0.174 X 1073 kg s™1 (+3.39%)
+0.163 X 10 > kg s~ (+4.43%)
—0.021 X 10 3 kg s~ (—0.41%)
+0.091 X 107% kg s~ (+2.47%)

The absolute values for the 5-km resolution historical 2020
simulation are 3.943 X 1073 at 500 hPa and 5.138 X 10 > kgs ™!
at 850 hPa; the corresponding numbers for the 25-km resolu-
tion historical 2020 simulation are 3.073 X 10> at 500 hPa and
3.682 X 10> kg s~ ! at 850 hPa.

Jenney et al. (2020) investigated changes in the strength
of the tropical circulation under warming using radiative—
convective equilibrium experiments, i.e., prescribing uniform
SSTs and incoming solar radiation, no rotation, and no land.
Key points from their study with regard to the mass flux are
that (i) the change in upward mass flux is somewhat ambigu-
ous in the midtroposphere and lower troposphere, (ii) the
area of the upward mass flux decreases, and (iii) the strongest
updraft speeds intensify under warming. Regarding the first
point, Jenney et al. (2020) actually find an increase in upward
mass flux in the midtroposphere and lower troposphere when
changing the SSTs from 295 to 300 K. Also, the strengthening
of the strongest upward mass fluxes occurs only when chang-
ing the SSTs from 295 to 300 K in their study, not when
changing the SSTs from 300 to 305 K. Jeevanjee (2022) noted
that changes in cloud base mass flux, roughly changes of up-
ward mass flux below about 800 hPa, are not robust across dif-
ferent models and simulations, mainly because not all water
vapor lifted above cloud base necessarily condenses and pre-
cipitates to the surface. From the study by Jenney et al.
(2020), one should also observe that there are considerable
differences between the behavior of mass flux and vertical ve-
locity under warming, an aspect that is confirmed by our anal-
ysis but not discussed here for the sake of brevity.

It is interesting to compare these findings with the ones in
the present study using a more realistic setup, in particular
with the behavior of the 5-km resolution global convection-
permitting simulations, and to also consider the dependence
on the warming pattern. In broad agreement with the more
idealized studies, the upward mass flux in the midtroposphere
decreases, more so in the La Nifa-like warming simulation
than in the El Nifio-like warming simulation (Table 2). This is
true not only at 500 but also at 700 hPa, for example (not
shown). The situation is much less clear at 850 hPa where at
5-km resolution, there is a small decrease for the El Nino-like
warming simulation, but there is an increase of the upward
mass flux in the La Nifia-like warming simulation. The 25-km
resolution simulations show increases in the resolved 850-hPa
upward mass flux for both warming patterns.

It is plausible to interpret the differences between the two
warming patterns in light of the arguments discussed in

Jenney et al. (2020). They suggested that decreases in tropical
ascent areas are balanced by increases in latent heating in
convective regions.

The mean rainfall increase over grid cells when and where
the vertical pressure velocity at 500 hPa is upward amounts to
3.29% K for the La Nifia-like warming experiment at 5-km
resolution and 4.92% K~! for the El Nifio-like warming simu-
lation. If one uses a threshold for the upward vertical pressure
velocity at 500 hPa of 0.3 Pa s~', then the values are 21.1%
K~! for the La Nifia-like warming experiment and 11.17%
K~! for the El Nifio-like warming simulation. This indeed
corresponds qualitatively to changes in the areas and frequen-
cies of occurrence of the respective events as suggested by
Jenney et al. (2020). If one uses a threshold for the upward
vertical pressure velocity at 500 hPa of 0.3 Pa s™!, then the
corresponding area and frequency is 3.58% of the tropics and
of the year in the historical 2020 simulation, 2.86% in the La
Nifla-like warming simulation and 3.23% in the El Nifio-like
warming simulation. This is consistent with the idea that
stronger increases in rainfall, and therefore latent heating,
lead to stronger decreases in tropical ascent areas. If we con-
sider all pressure velocities at 500 hPa that are upward, then
the corresponding numbers are 25.49% for the historical 2020
simulation, 25.31% in the La Nifa-like warming simulation,
and 23.77% in the El Nifio-like warming simulation. The pre-
cise definition of what convective mass flux means matters
when it comes to the qualitative behavior of rainfall changes
and related characteristics in the different warming patterns.

Jenney et al. (2020) also point out that the changes in up-
ward mass flux in their warming simulations are closely re-
lated to the humidity and humidity changes in the respective
atmospheric column. For example, the strongest increases in
upward mass flux are observed in the wettest columns. Better
understanding the changes in humidity in the different warm-
ing simulations therefore helps better understand the changes
in circulation. The increase in vertically integrated water va-
por over the tropical belt is 10.49% K~ ! in the La Nifa-like
warming simulation at 5-km resolution and 7.8% K™ for the
El Nifio-like warming simulation. Figure 12 shows the yearly
mean pattern of the vertically integrated water vapor path for
the three simulations. It is apparent that the stronger increase
in moisture in the La Nifla-like warming simulation compared
to the El Nifio-like warming simulation is mainly due to the
strong increase in humidity in the moist tropical convergence
zones (Fig. 12, first row). The close connection to the circula-
tion is obvious from the spatial patterns of the vertical
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FI1G. 12. (first row) Yearly mean vertically integrated water vapor for the historical 2020 simulation at (a) 5-km resolution, (b) the La
Nifia-like warming pattern simulation, and (c) the El Nifio-like warming pattern simulation. (second row) Yearly mean vertical pressure
velocity at 500 hPa for the same experiments. For the figures, the values were regridded to the 25-km model grid using a conservative area-
weighted regridding scheme. Where the 25-km resolution orography intersects with the 25-km yearly mean 850-hPa geopotential height
field, the area is left white so that the figures are not dominated by local orographic effects. (third row) Daily mean vertical pressure veloc-
ity at 500 hPa over the tropics sorted in bins of surface temperature for the 5-km resolution experiments. The values were first
regridded to the 25-km resolution model grid using a conservative area-weighted regridding scheme. (fourth row) Daily mean vertical pres-
sure velocity at 500 hPa over the tropics sorted in bins of vertically integrated water vapor path for the 5-km resolution experiments. The
values were first regridded to the 25-km resolution model grid using a conservative area-weighted regridding scheme.

pressure velocity at 500 hPa (Fig. 12, second row). The stron-
gest increases in vertical pressure velocity, and thus mass flux,
at 500 hPa are collocated with areas of strongest humidity
increases although the zones of distinct pressure velocity in-
creases are narrower because they are related to moisture

increases via a power-law relation (Zhang and Fueglistaler
2020; Neelin et al. 2009). This is confirmed when sorting daily
mean values of vertical pressure velocity at 500 hPa with re-
gard to surface temperature and vertically integrated water va-
por bins (Fig. 12, third and fourth rows). Each vertical bar
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FIG. 13. (top) Histograms of resolved tropical mass flux at 500 hPa for the 5-km resolution simulations. Each count is a daily mean value
for one particular grid box in the tropical band from 30°S to 30°N. (bottom) Zoom on the upper tails of the histograms.

represents the mean value of vertical pressure velocity at 500 hPa
over the respective bin. It is clear that the relationship between
SSTs and the regions of strongest updrafts is complex and not
simply governed by an absolute threshold value. The vertical pres-
sure velocity is not monotonically related to surface temperature,
and the clearly identifiable deep convective regimes are not tied
to a fixed surface temperature (Fig. 12, third row). Humidity and
circulation regimes are important factors in how SSTs couple to
deep convection (see, e.g., Lindzen and Nigam 1987; Neelin and
Held 1987; Sobel 2007; Back and Bretherton 2009; Zhang and
Fueglistaler 2020, for more detailed discussions). In con-
trast, the more moisture there is in an atmospheric column,
the stronger the upward mass flux (Fig. 12, fourth row).

Histograms of the tropical mass flux at 500 hPa for the
5-km resolution simulations show how the distributions change
in the different warming simulations (Fig. 13). As one would ex-
pect from the previous discussion of the changes in humidity in
the warming simulations, the upper tail of the mass flux distribu-
tion increases in the La Nifia-like warming simulation, and the
same is true for the El Niflo-like warming simulation but to a
lesser degree (Fig. 13, second row). Thus, the tropical circulation
does not change uniformly, but the distributions of vertical mo-
tions alter, and these changes in characteristics impact changes
in clouds and convection.

5. Circulation, clouds, and convection over the
tropical Pacific

As discussed in section 3, when it comes to the climate change
response, in particular the changes in clouds and convection, the

tropical Pacific is an important region. There are key differences
between the two warming simulations not only with regard to
the cloud response but also with regard to how the tropical cir-
culation changes that are related to the tropical Pacific. In the
La Nifia-like warming simulation, the vertical tropical circula-
tion in the midtroposphere generally slows more strongly than
in the El Nifio-like warming experiment, but the strongest up-
drafts strengthen, for example, in the warm and moist regions of
the western Pacific (section 4) where also the cloud responses
differ markedly. So what role does the atmospheric circulation
play in the tropical Pacific and how are these changes related to
clouds and convection? The question is first addressed in the his-
torical simulations (section 5a) and then investigated in the light
of the two warming experiments (section 5b).

a. Circulation over the tropical Pacific in the historical
simulations

We first would like to establish more specifically that there
is indeed a relationship between the circulation and convec-
tion in the tropical Pacific region. In this section, we restrict to
the historical year 2020 simulations, and only daily mean
values will be considered in the analysis. We refer again to
Fig. 10a for the definition of different regions over which
averages are investigated: the western Pacific and eastern
Pacific areas (red boxes) and the mid-Pacific to eastern Pacific
equatorial region (blue box), called the central Pacific region
in the following for simplicity. The latter area is often studied
in connection with the Pacific Walker circulation and will be
used to compute area means of zonal winds.
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FI1G. 14. Correlations between daily mean rainfall and the daily mean zonal wind at 200-hPa averaged over the central Pacific region
(blue box in Fig. 10a) calculated for every grid box of the area 20°S-20°N and 90°E-120°W. (top) Data from GPM rainfall observations
and ERAS5 200-hPa zonal wind are used. Correlations are calculated with the wind lagging rainfall for 1, 2, and 3 days. For both the rainfall
and the wind data, a seasonal cycle was removed using a Savitzky-Golay filter of order 3 with a window size of 120 days. (middle) The
same correlations but based on the 5-km resolution experiments. For the calculation of the correlations, the rainfall data were first re-
gridded to a 25-km resolution model grid using a conservative area-weighted regridding scheme. For both the rainfall and the wind data, a
seasonal cycle was removed using a Savitzky-Golay filter of order 3 with a window size of 120 days. (bottom) As in (middle), but for the
25-km resolution experiments. For both the rainfall and the wind data, a seasonal cycle was removed using a Savitzky—Golay filter of order
3 with a window size of 120 days.

First, correlations are computed between the wind at resolution experiment which exhibits a too strong and static
200 hPa averaged over the central Pacific region and rainfall ~oceanic convergence zone in the region. Apart from that, the
at every grid point in the area 20°S-20°N and 90°E-120°W  overall structure and magnitude of the correlations are sensi-
(Fig. 14). As already mentioned, only daily mean values are  ble. The 25-km resolution simulation actually tends to produce
used, but different lags between rainfall and the 200-hPa wind ~ somewhat stronger positive correlations than the 5-km resolu-
are considered, from a 1-day lag to a 3-day lag, acknowledging  tion model especially near the equator in this analysis (Fig. 14,
that certain parts of the domain are geographically far away  bottom row). However, if the 5-day integrated western Pacific
from the central Pacific region. The correlations are calcu- area-mean rainfall is correlated with the mean 200-hPa zonal
lated for ERAS and the Global Precipitation Measurement wind over the central Pacific in an analogous way, then the
(GPM; Huffman et al. 2019) mission dataset (top row), the correlations are considerably weaker in the 25-km resolution
5-km resolution historical year 2020 simulation (middle row), simulation with parameterized convection than the convection-
and the 25-km resolution historical year 2020 experiment permitting 5-km resolution experiment (not shown). This suggests
(bottom row). that on short time scales and near-gridpoint scales, the parameter-

Given that the western edge of the central Pacific region is  ized convection model can produce quite strong dynamical
at 160°E and extends to 120°W, it is quite remarkable that the = responses to convection and latent heating, but on longer
strongest positive correlations with rainfall are identified quite  time scales and larger spatial scales, the intermittency of the
far west over or close to the Maritime Continent even though, convection scheme hampers this ability.
north of the equator, the Pacific ITCZ can reach all the way To further investigate the connection between latent heat-
to Central America. In ERAS and GPM, it is apparent how ing and the circulation over the tropical Pacific, the relation-
the strongest positive correlations move somewhat westward  ships between different quantities are scrutinized by plotting
as the lag is increased (Fig. 14, top row). This feature is less them against each other in scatterplots and calculating corre-
obvious in the 5-km resolution model simulation. The correla-  sponding correlations (Fig. 15). The significance of the corre-
tion pattern is fairly independent of the lag, and there is a lations is assessed against the null hypothesis that there is no
branch of positive correlations north of the equator that correlation between the variables. The latter is quantified by
reaches rather far east (Fig. 14, middle row). This is related to  randomizing the values 10000 times, computing the correla-
the somewhat erroneous structure of the ITCZ in the 5-km  tion between the randomized points each time, and taking the
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FIG. 15. (a) Scatterplot of daily mean rainfall averaged over the western Pacific region (see Fig. 10a for the defini-
tion of the regions) and daily mean divergence at 200 hPa averaged over the western Pacific area based on the 5-km
resolution historical 2020 simulation. (b) Scatterplot of 5-day integrated mean rainfall over the western Pacific region
vs mean 200-hPa zonal wind over the central Pacific. A lag of 3 days is used between the end of the averaging periods
of the rainfall data and the wind. (c) As in (b), but with the divergent wind at 200 hPa instead of the full wind field.
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95th quantile of these 10000 correlation values (e.g., Wilks
2011, chapter 5.1). The significance values that are reported in
the figure panels are therefore the half-widths of the 90% con-
fidence intervals for the correlations under the null hypothe-
sis. If the correlations computed from the model data are
within plus or minus these values, then the null hypothesis
that the correlations occur only by chance due to the small
sample size cannot be rejected. The quantities that are corre-
lated are daily mean values averaged over large geographical
areas. Convection typically takes place on much smaller scales
with a high degree of variability in space and time. Here, we
try to detect the effect of convection on the larger scales delib-
erately using a relatively crude methodology. The correlations
are not expected to be large in absolute terms, but we argue
that most of the correlations presented below are still signifi-
cant in the defined sense.

To keep the discussion reasonably concise, only the results
from the 5-km resolution simulation are shown. Daily mean
values of rainfall over the western Pacific area correlated with
daily mean values of divergence at 200 hPa over the same re-
gion exhibit a very clear and strong relationship (Fig. 15a).
This is an important connection and shows that rainfall and la-
tent heating are closely related to the upper-level circulation
in the deep convective region even when considering a rela-
tively crude area average and daily mean time scales. The
analysis around Fig. 14 revealed that there are correlations
between daily mean rainfall in the western Pacific deep con-
vective region and the 200-hPa zonal wind in the central
Pacific. When exploring this relationship further, it turns out
that the connection becomes stronger when using integrals of
rainfall over several days instead of rainfall on a single day. In
the scatterplot of Fig. 15b, the 5-day sum of rainfall is related
to the 200-hPa zonal wind in the central Pacific with a lag of
3 days. This leads to a clearly significant correlation of 0.314.
A seasonal cycle is removed from both the daily mean rainfall
and the daily mean zonal wind values using a Savitzky—Golay
filter of order 3 with a window size of 120 days. Again one
has to keep in mind that rather crude spatial averages are in-
volved in this analysis that does not take into account any
specific characteristics of the involved circulations or rainfall
patterns.

The correlation between rainfall in the deep convective re-
gion of the western Pacific and the central Pacific zonal wind
at 200 hPa is further increased when considering only the
divergent wind at 200 hPa (Fig. 15c). The divergent wind is
usually used in the definition of the Walker circulation over
the central Pacific region. In other words, there is a clear
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connection between rainfall in the western Pacific and the up-
per branch of the Walker circulation in the central Pacific in
the 5-km resolution historical year 2020 simulation. There is
also a correlation of similar magnitude between the zonal
wind at 200 hPa over the central Pacific and the divergence at
200 hPa over the eastern Pacific (Fig. 15d). This is again an ex-
pression of what can broadly be considered the larger-scale
circulation over the tropical Pacific. Stronger upper-level
zonal winds over the central Pacific Ocean tend to lead to
stronger upper-level convergence over the eastern Pacific sub-
sidence areas. It is also possible to relate the 200-hPa zonal
winds over the central Pacific to the vertical motion in the
midtroposphere in the eastern Pacific area (Fig. 15¢). The ver-
tical motion in the midtroposphere has a direct effect on the
stability and humidity of the atmosphere, and thus on clouds,
via subsidence warming and drying.

No direct connection, however, between rainfall and tem-
perature at 200 hPa can be detected in the western Pacific
deep convective area on the considered daily time scale
(Fig. 15f). This indicates either that the latent heating at
200 hPa is too small to be detected on the considered spatial
scale (Jakob and Schumacher 2008) or that the latent heating
does not directly produce positive temperature anomalies in
the upper atmosphere on daily time scales. Also, the relation
between daily mean rainfall and daily mean OLR or high
cloud cover is weak and cannot unequivocally be identified
(not shown). Nevertheless, as demonstrated by Fig. 15a, rain-
fall is closely linked to upper-level divergence in the region
and thus likely initiates larger-scale circulations.

Conversely, having established that rainfall and latent heat-
ing in the western Pacific is involved in driving larger-scale cir-
culations over the whole of the tropical Pacific, if we want to
understand the historical evolution of the climate system and
the SSTs in the region, the question arises what controls deep
convective rainfall and thus latent heating over the western
Pacific. In Fig. 16, the issue is addressed by relating different
possible low-level controls of deep convection to rainfall and
to each other. As to be expected, there is a connection be-
tween divergence at 850 hPa and rainfall. The magnitude of
the correlation, however, is quite remarkable given the crude
spatial and temporal scales considered (Fig. 16a). There is
also a positive, although weaker, correlation between temper-
ature at 850 hPa and rainfall (Fig. 16b). Together with the
positive correlation of rainfall with 850-hPa specific humidity
(Fig. 16c), this suggests that there is a relationship between
low-level moist static energy anomalies and rainfall. In fact,
if one considers the vertically integrated water vapor path

—

(d) Mean divergence at 200 hPa over the eastern Pacific box vs mean zonal wind over the central Pacific area.
(e) Mean vertical pressure velocity at 500 hPa over the eastern Pacific box vs mean zonal wind over the central Pacific
area. (f) Mean rainfall over the western Pacific area vs mean 200-hPa temperature over the western Pacific region. In
the panels, the correlations are indicated as well as an estimate for a significant correlation. The data are anomalies
with regard to a seasonal cycle that was removed using a Savitzky—Golay filter of order 3 with a window size of
120 days. The significance values that are reported in the figure panels are the half-widths of the 90% confidence inter-
vals for the correlations under the null hypothesis. If the correlations computed from the model data are within plus
or minus these values, then the null hypothesis that the correlations occur only by chance due to the small sample size

cannot be rejected.
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FIG. 16. Scatterplots calculated as in Fig. 15, but for controls of rainfall over the western Pacific. (a) Mean rainfall
over the western Pacific area vs mean 850-hPa divergence over the western Pacific region. (b) Mean rainfall over the
western Pacific area vs mean 850-hPa temperature over the western Pacific region. (c) Mean rainfall over the western
Pacific area vs mean 850-hPa specific humidity over the western Pacific region. (d) Mean rainfall over the western
Pacific area vs mean vertically integrated water vapor over the western Pacific region. (e) Scatterplot of 5-day inte-
grated mean 850-hPa specific humidity over the western Pacific region vs mean 850-hPa temperature over the western
Pacific. A lag of 3 days is used between the end of the averaging periods of the specific humidity data and the temper-
ature. (f) As in (e), but with the role of specific humidity and temperature reversed. The significance values that are
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instead of 850-hPa specific humidity, then the connection to
rainfall becomes even stronger (Fig. 16d; Bretherton et al.
2004; Neelin et al. 2009). This leads to the question of whether
the relationship between rainfall and humidity is merely a
consequence of the relationship between rainfall and low-
level temperature or whether humidity has a more active role
in governing rainfall and temperature.

When using a 5-day average of 850-hPa humidity to predict
850-hPa temperature 3 days ahead, a significant correlation is
found (Fig. 16e). This indicates that the dynamics of moisture
actually govern moist static energy anomalies and are not just
a consequence of low-level temperature variations. Indeed,
when trying to predict 850-hPa humidity 3 days ahead by a
5-day average of 850-hPa temperature, no clearly significant
correlation is found, and if any, it is a negative correlation
(Fig. 16f). Significant relationships between latent heat fluxes
and rainfall using various lags were not found on daily time
scales (Hogikyan et al. 2022). Also, correlations between total
cloud cover or OLR and rainfall tend to be small and positive,
suggesting that anomalously warm conditions tend to come
with more moisture and clouds, not less, on the considered
daily time scales.

b. Changes in the circulation over the tropical Pacific
under different warming patterns

In the light of the analysis of connections between rainfall
in the western Pacific deep convective regions and the circula-
tion over the central and eastern tropical Pacific areas in the
historical simulation (section Sa), the present section investi-
gates changes in the circulation over the tropical Pacific in the
different warming pattern experiments. As discussed in the in-
troduction, given that the SSTs are prescribed in the simula-
tions, it is not possible to explain the historically observed
warming over the past 30 years based on our experiments. In
fact, given that different processes in the climate system inter-
act, it is likely not possible to identify a certain aspect as a
unique cause of the particular observed development of the
SST pattern. Nevertheless, it is feasible to examine certain
mechanisms and interactions and shed some light on their im-
portance and relevance.

Starting first with the lower-tropospheric circulation, the
zonal wind at 850 hPa shows a very different pattern of
change over the tropical Pacific in the two warming experi-
ments (Fig. 17). In the La Nifia-like warming pattern simula-
tions (Figs. 17c,d), a strong intensification of the low-level
easterly flow can be seen. The low-level easterlies are usually
viewed as being part of the Pacific Walker circulation. It is in-
teresting that even though in the historical simulations, the
25-km resolution experiment did not unequivocally show a
weaker relationship between rainfall and winds (section 5a);
here, the intensification of the low-level zonal wind in the
Pacific equatorial region is distinctly more pronounced in the
5-km resolution convection-permitting simulation compared

TOMASSINI 77

to the 25-km resolution experiment. This could be very signifi-
cant in the context of ocean—atmosphere interactions.

In stark contrast, the low-level zonal winds weaken in the
El Nifio-like warming pattern simulations (Figs. 17¢,f). This is
of course not unexpected, given the change in the SST pat-
terns (Fig. 2b). However, the west—east temperature gradient
does not actually significantly change over the central and
eastern tropical Pacific in the El Nifio-like warming pattern
simulations. The main feature is a somewhat muted warming
over the western Pacific deep convective area (section 3d),
again suggesting an important role of western Pacific convection
and related processes for the zonal circulation over the whole
of the tropical Pacific. In the case of the more uniform El Nifio—
like warming pattern simulations, there is a less distinct but still
appreciable difference between the two resolutions in terms of
their low-level zonal wind response in the region. In numbers,
the yearly mean values of the zonal wind at 850 hPa averaged
over the blue box indicated in Fig. 10 for the various simulations
are —6.90 m s~ ! for the historical 5-km resolution simulation,
—7.62 m s~ ! for the historical 25-km resolution simulation,
—13.65 m s~! (+97.83%) for the 5-km La Nifia—like warming
experiment, —10.20 m s~ ' (+33.86%) for the 25-km La Nifia—
like warming experiment, —0.21 m s~ (—96.96%) for the 5-km
El Nifio-like warming experiment, and —2.28 m s~ ! (—70.08%)
for the 25-km El Nifo-like warming experiment (in parenthesis
are percentage changes in terms of easterly wind relative to the
respective historical experiment).

The changes in the upper-level circulation are consistent
with the idea that an increased SST gradient over the tropical
Pacific induces a Walker-type circulation response with in-
creased low-level easterlies and strengthened upper-level
westerlies (Fig. 18). One should note, however, that in the cli-
matology, the upper-level winds are actually mostly easterly
over the tropical Pacific (Figs. 18a,b). They turn westerly over
the equatorial Pacific area only during the boreal winter
months from December to March when the rainfall is most in-
tense over the western Pacific around and close to the Mari-
time Continent. This climatological picture and the patterns of
change in the warming simulations (Fig. 18, second and third
rows) indicate the important governing role of deep convec-
tion in the western Pacific for the upper-level zonal circulation
over the whole of the equatorial tropical Pacific. At upper lev-
els, the difference between the 5-km resolution and 25-km res-
olution simulation is quite pronounced over central Africa and
the Indian Ocean but less so over the tropical Pacific.

The Pacific Walker circulation is usually defined not by the
full zonal wind but by the divergent wind only. It is therefore in-
structive to consider how the zonal component of the divergent
wind changes in the warming pattern experiments (Fig. 19). In
the historical year 2020 simulations, the 200-hPa divergent zonal
wind exhibits the upper-level westerly Walker circulation more
clearly, but it is worth noting that in the yearly mean, the west-
erly divergent flow extends only to about 120°W. Over the main

«—

reported in the figure panels are the half-widths of the 90% confidence intervals for the correlations under the null
hypothesis. If the correlations computed from the model data are within plus or minus these values, then the null
hypothesis that the correlations occur only by chance due to the small sample size cannot be rejected.
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FIG. 17. (a) Yearly mean zonal wind at 850 hPa in the 5-km resolution historical 2020 simulation and (b) yearly mean zonal wind at
850 hPa in the 25-km resolution historical 2020 simulation. Changes in yearly mean zonal wind at 850 hPa for the La Nifia-like warming
pattern simulations at (c) 5-km resolution and (d) 25-km resolution. Changes in yearly mean zonal wind at 850 hPa for the El Nifio-like
warming pattern simulations at (e) 5-km resolution and (f) 25-km resolution.

eastern Pacific subsidence areas, the 200-hPa divergent zonal
wind is easterly in the yearly mean. In other words, the zonal
divergent wind extends from the east of the western Pacific
upper-level divergence zone to the west of the eastern Pacific
upper-level convergence area.

The response of the zonal divergent wind at 200 hPa in the
La Nifa-like warming pattern simulations shows a significant
expansion of the westerly divergent flow both on the western

and the eastern edge of climatological Walker cell (Figs. 19¢,d).
The signal is considerably stronger in the 5-km convection-
permitting simulation than in the 25-km resolution parameter-
ized convection experiment. In the central Pacific, the Walker
circulation appears to weaken somewhat in the equatorial area,
but this can partly be due to the particular warming pattern
which induces pronounced convergence zones from the
western tropical Pacific in the northeastern and southeastern
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FIG. 18. (a) Yearly mean zonal wind at 200 hPa in the 5-km resolution historical 2020 simulation; (b) Yearly mean zonal wind at
200 hPa in the 25-km resolution historical 2020 simulation. Changes in yearly mean zonal wind at 200 hPa for the La Nifia-like warming
pattern simulations at (c) 5-km resolution and (d) 25-km resolution; Changes in yearly mean zonal wind at 200 hPa for the El Nifio-like

warming pattern simulations at (e) 5-km resolution and (f) 25-km resolution.

direction toward the midlatitudes, muting somewhat the diver-
gent upper-level westerly flow in the central Pacific around the
equator. In the El Nifio-like warming pattern simulations, the
upper-level divergent zonal circulation is distinctly weakened,
corresponding to a weakening and contracting of the Pacific
Walker cell (Figs. 19¢,f).

The changes in circulation induce distinct alterations in ver-
tically integrated zonal moisture transport toward and away

from the western Pacific deep convective regions (Fig. 20).
Climatologically, moisture is transported from the eastern
Pacific subsidence areas toward the western Pacific zones of
deep convection by the lower-tropospheric flow (Figs. 20a,b).
In the La Nifa-like warming pattern simulations, this trans-
port is amplified, thus feeding and invigorating deep convec-
tive activity in the western Pacific which, in turn, promotes the
zonal flow which is responsible for this process (Figs. 20c,d).
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FIG. 19. (a) Yearly mean zonal divergent wind at 200 hPa in the 5-km resolution historical 2020 simulation and (b) yearly mean zonal
divergent wind at 200 hPa in the 25-km resolution historical 2020 simulation. Changes in yearly mean zonal divergent wind at 200 hPa for
the La Nifa-like warming pattern simulations at (c) 5-km resolution and (d) 25-km resolution. Changes in yearly mean zonal divergent
wind at 200 hPa for the El Nifio-like warming pattern simulations at (e¢) 5-km resolution and (f) 25-km resolution.

There is thus a positive, large-scale moisture-circulation feed-
back in which western Pacific deep convection, the zonal circu-
lation, and moisture dynamics work together to intensify all
three aspects of the mechanism. While the primary control of
the Walker circulation is the east-west surface temperature
gradient, the interactions between convection, moisture, low-
level convergence, and upper-level divergence over the west-
ern Pacific have the potential to provide a positive feedback

on the larger-scale zonal circulation. The signal in the mois-
ture transport is distinctly stronger in the 5-km resolution
convection-permitting simulation compared to the 25-km
resolution parameterized convection experiment, consistent
with the lower-tropospheric zonal circulation response. In
contrast, in the El Nifio-like warming pattern simulations,
the easterly moisture transport is weakened, and therefore,
the moisture supply to the deep convective western Pacific
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FIG. 20. (a) Yearly mean zonal moisture transport in the 5-km resolution historical 2020 simulation and (b) yearly mean zonal moisture
transport in the 25-km resolution historical 2020 simulation. Changes in yearly mean zonal moisture transport for the La Nifia-like warm-
ing pattern simulations at (c) 5-km resolution and (d) 25-km resolution. Changes in yearly mean zonal moisture transport for the El Nifio—
like warming pattern simulations at (e) 5-km resolution and (f) 25-km resolution.

regions is dampened, inducing a negative moisture feedback
on the circulation response (Figs. 20e,f).

Although, on daily mean time scales and relatively large
spatial scales, it was not possible to detect a relationship be-
tween upper-level atmospheric temperature anomalies and
rainfall over the western Pacific in the historical 2020 experi-
ments (section 5a), in the La Nifia-like warming pattern simu-
lations, considerable upper-level temperature gradients are

established across the tropical Pacific (Figs. 21c,d). This shows
that the tropical atmosphere can sustain significant tempera-
ture gradients in the upper troposphere generated by deep
convection (Keil et al. 2023). This is a cautious tale with re-
gard to the often used and cited weak temperature gradient
approximation in the tropics. In both, the lower and upper
troposphere temperature gradients in the tropics can be sig-
nificant, and the tendency of the tropical atmosphere to
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FIG. 21. (a) Yearly mean temperature at 200 hPa in the 5-km resolution historical 2020 simulation and (b) yearly mean temperature at
200 hPa in the 25-km resolution historical 2020 simulation. Changes in yearly mean temperature at 200 hPa for the La Nifia-like warming
pattern simulations at (c) 5-km resolution and (d) 25-km resolution. Changes in yearly mean temperature at 200 hPa for the El Nifio-like
warming pattern simulations at (e) 5-km resolution and (f) 25-km resolution.

equilibrate these gradients leads to large-scale circulations
which include, but are not restricted to, divergent circulations
(Sobel 2002).

6. Summary and conclusions

The present study aims to explore how clouds, convection,
and the tropical circulation respond to different warming

patterns. A main motivation is to better understand the ob-
served variability and warming trends over the tropical Pacific
in recent decades (L’Heureux et al. 2013; England et al. 2014;
Tomassini 2020; Seager et al. 2022; Wills et al. 2022). It has
been argued that low-resolution coupled climate models
struggle to reproduce the historical evolution of the tropical
Pacific SSTs. A main feature of the climate system over the
tropical Pacific is the Walker circulation which connects the
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western Pacific deep convective regions with areas of sub-
sidence in the eastern tropical Pacific. But also, gravity waves
and convectively coupled tropical waves communicate tem-
perature and moisture anomalies in the Pacific basin over
large distances, ultimately a consequence of the fact that the
tropical atmosphere cannot sustain larger temperature and
pressure gradients in the midtroposphere due to the smallness
of the Coriolis parameter near the equator. Thus, the interac-
tion between moist convection and the tropical circulation
likely plays an important role in shaping the particular re-
sponse of the coupled atmosphere—ocean system to warming
in the tropical Pacific region (Back and Bretherton 2005).

The role of clouds in influencing the sensitivity of the cli-
mate system to warming and the significance of the coupling
between moist convection and the tropical circulation is ex-
plored in historical year 2020 simulations and two warming
experiments in which two different SST patterns are added to
the historical daily varying SSTs of the year 2020. Given that
the resolution of the models that have been used to study cli-
mate change in the past is a potential concern, two sets of
Met Office Unified Model simulations are examined. In one
cutting-edge set of experiments, a global convection-permitting
model at nominal 5-km resolution is used; in the second set of
simulations, a 25-km resolution global model in which convec-
tion is parameterized is employed. This allows for assessing
what effect explicitly resolving deep convection has on key
mechanisms that govern the characteristics and magnitude of
climate change, especially over the tropical Pacific. The 25-km
resolution is still considerably finer than what is currently typi-
cally used in century-long integrations of global coupled climate
models.

The important role of tropical Pacific SST patterns in deter-
mining the sensitivity of the climate system to warming is con-
firmed. Under a La Nifa-like warming scenario, deep
convection over the western Pacific is enhanced; the zonal cir-
culation over the basin and the descending motion over the
eastern Pacific are strengthened. Over the eastern Pacific, the
atmospheric profiles become more stable, and a strong cap-
ping inversion is established in the lower troposphere. As a
consequence, relatively more moisture is trapped in the
boundary layer and low cloud cover, and therefore, albedo
increases over the area leading to a negative shortwave cloud
feedback which reduces climate sensitivity. A substantial upper-
tropospheric east-west temperature gradient is established
which promotes the stronger zonal flow and, as a result, stron-
ger subsidence motion over the eastern Pacific.

The cloud changes over the eastern Pacific are not purely a
local response; they are a consequence of the changing structure
of the atmosphere across the tropics and related larger-scale cir-
culation changes. This can be identified in the historical year
2020 simulations on daily time scales. Enhanced rainfall over
the western Pacific is related to stronger 200-hPa zonal winds
over the central Pacific and downward vertical motion in the
midtroposphere over the eastern Pacific. Rainfall over the deep
convective region is closely connected to low-level and upper-
tropospheric divergence and lower-tropospheric moist static
energy anomalies. The dynamics and variability of moisture ap-
pear to play an active role in governing these moist static energy
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anomalies: low-level advection of moisture from the east toward
the Maritime Continent can be used as a predictor for tempera-
ture anomalies and rainfall over the western Pacific several days
ahead. In contrast, no significant connection of rainfall with sur-
face latent heat fluxes or radiative flux variability was detected
on daily time scales. The relations in the historical experiments
are consistent with the response seen in the warming pattern
simulations. Increased westward zonal moisture advection in
the La Nifa-like warming scenario is related to enhanced deep
convection in the western Pacific, a stronger zonal circulation,
and stronger subsidence in the eastern Pacific. However, most
of the changes in the zonal circulation over the tropical Pacific
are not attributable to the divergent but the rotational compo-
nent of the zonal wind. Although the rainfall and related upper-
level divergence are more strongly connected with the divergent
zonal wind in the historical year 2020 simulation on daily time
scales, the changes in the nondivergent zonal wind are an im-
portant aspect in the response as seen in the La Nifa-like
warming experiment.

Evidence is presented for the important role of a positive
moisture—convection—circulation feedback in driving ENSO-
like dynamics over the tropical Pacific. This is reminiscent of
the “thermally coupled Walker circulation” mechanism pro-
posed by Clement et al. (2011) which does not depend on
ocean heat transport. Based on the analysis of slab ocean sim-
ulations, Clement et al. (2011) suggested a wind—evaporation—
surface temperature feedback and a role of cloud shortwave
radiative effects in producing ENSO-like variability. In the
present study, we were not able to identify a significant influ-
ence of latent heat fluxes or radiative effects on time scales of
days but uncovered evidence for an active role of moisture ad-
vection and convective activity in initiating larger-scale zonal
circulations over the tropical Pacific region which are particu-
larly relevant when interpreting the La Nifia-like warming
simulation [see Inoue et al. (2021) for a more general discus-
sion of the important role of horizontal moisture advection
for rainfall variability over tropical oceans]. A similar per-
spective on the active role of moisture in tropical dynamics
and variability was suggested by Sobel (2002) using a theoreti-
cal framework of balanced equations based on the weak tem-
perature gradient approximation.

The El Nifio-like warming pattern is more uniform over the
tropical oceans and more similar to the SST patterns that low-
resolution global coupled climate models project in century-long
climate integrations. It is therefore important to understand
what the near-uniform SST warming implies in terms of cloud
feedbacks and atmospheric circulation changes. Changes in
larger-scale circulations, upper-tropospheric temperature gra-
dients, and lower-tropospheric stability are muted compared to
the La Nifia-like warming experiment. Accordingly, the shape
of the distributions of vertical motion in the tropics changes less
distinctly, a feature that is closely related to the less pronounced
increase in moisture and moist static energy in the convergence
zones over the tropical oceans in the El Nifio-like warming pat-
tern simulation compared to the La Nifia-like warming pattern
experiment. The absolute magnitude of the local temperature
change alone does not govern the response of the convective re-
gimes, and the characteristics of the atmospheric circulation
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distributions, changes in temperature gradients, and resulting
moisture dynamics are essential. Accordingly, negative cloud
feedbacks in the eastern Pacific subsidence region are extenuated
in the El Nifio-like warming pattern simulation, an important as-
pect of global relevance in the context of climate projections.

The experiments discussed in the present study involve sim-
ulations that are shorter than what is usually considered in cli-
mate studies. Natural variability enters the methodological
approach in different ways. Natural variability plays a role in
the choice of the reference year, it affects the definition of
the warming patterns, and the chosen initial conditions in the
1-yr-long simulations can influence the results. However, the
signals from the distinct warming patterns are large compared
to the impact of a particular choice of a reference year or spe-
cifically selected initial conditions. Moreover, as mentioned in
the introduction, the definition of warming patterns involves
natural variability, but the focus of the present work is not to
filter out a hypothetical climate change signal or to quantify
the uncertainty in possible future climates. What is important
is that the processes discussed in the study, mainly aspects re-
lated to clouds and convection, take place on time scales that
are typically shorter than 1 year. Given that the SSTs are pre-
scribed, that includes the rearrangement of larger-scale circu-
lations or changes in the vertical structure of the atmosphere
over the tropical Pacific.

In the grand scheme of things, the differences between the
convection-permitting 5-km resolution simulations and the
parameterized convection 25-km resolution experiments pre-
sented here may seem somewhat unspectacular at first. It is
probably fair to say that they are more subtle than expected.
For instance, even though the coupling between convection and
the circulation is typically stronger in convection-permitting
models, the correlation between daily mean rainfall over the
western Pacific deep convective region and the daily mean cen-
tral Pacific 200-hPa zonal wind is somewhat more pronounced
in the historical 25-km resolution simulation compared to the
convection-permitting 5-km resolution experiment. This suggests
that the convection scheme is able to create marked responses
to low-level moist static energy anomalies on shorter time scales.
However, when using 5-day integrated sums of rainfall to predict
the 200-hPa zonal winds 5 days ahead, the correlation is found
to be distinctly stronger in the 5-km resolution convection-
permitting experiment. Thus, the spatial and temporal intermit-
tency and fast reaction time scale of the convection scheme
might compromise longer-term and larger-scale interactions
between moist convection, clouds, and the atmospheric circula-
tion. The differences in the cloud and atmospheric circulation
response to the different warming patterns between the convec-
tion-permitting 5-km resolution simulations and the 25-km reso-
lution parameterized convection experiments are moderate in
the atmosphere-only experiments presented here, but they are
significant enough to potentially have a considerable impact in
fully coupled ocean—atmosphere climate simulations. The mark-
edly stronger low-level easterly trade winds over the equatorial
Pacific, and associated enhanced westward moisture transport,
in the convection-permitting La Nifia-like warming experiment
compared to the corresponding parameterized convection simu-
lation are of particular relevance in this context. It will be very
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interesting to test and further investigate this hypothesis in fu-
ture research.
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