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Abstract

Although stratiform heating plays a crucial role in tropical convective systems, we do not
fully understand (1) how stratiform heating would change in response to surface warming and (2)
how those changes would affect convectively-coupled equatorial waves. This study analyzes the
changes in stratiform heating structure and convectively-coupled Kelvin waves (KWs) associated
with surface warming using a set of aquaplanet simulations. Results show that the melting level
rises with warming, causing ice particles falling from the stratiform clouds to melt at lower
pressure levels. The upward shift of melting-induced cooling results in a decrease in temperature
and vertical motion variability associated with stratiform clouds in the lower free-troposphere
and upper boundary layer. These changes lower the degree to which stratiform (i.e., the second
baroclinic mode) and deep convective clouds (i.e., the first baroclinic mode) are coupled within

KWs, causing KWs to weaken and accelerate with warming.
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Introduction

Deep convective clouds and trailing stratiform clouds are building blocks of the tropical
precipitating systems, ranging from mesoscale convective systems!', which last a few hours, to
the synoptic-scale convectively coupled equatorial waves (CCEWs)'?, which last several days to
weeks, and planetary-scale Madden-Julian Oscillation (MJO)*#, which lasts 30-90 days. Deep
convective clouds and stratiform clouds present distinct diabatic heating characteristics>S. Their
respective heating structures can be empirically obtained as those that explain most variance in
diabatic heating anomalies’™: the first and second baroclinic modes or analytically obtained from
the mean state temperature profile!®-!2, The first baroclinic mode is characterized by single-
signed heating/cooling anomalies across the whole troposphere; the second baroclinic mode is
characterized by a dipole of heating and cooling anomalies across the troposphere, separated by
the melting level. The second baroclinic heating aloft is contributed by water vapor deposition
upon ice particles falling from the convective region, and the second baroclinic cooling below is
contributed by melting and evaporation of stratiform rain.!>!#

Characterizing the two modes' vertical structures of diabatic heating is crucial for the
climate system from the annual to subseasonal timescales. On the annual timescale, the fraction
of stratiform rain could affect the vertical structure of the total latent heat, thus impacting the
response of the mean circulation®. On the subseasonal timescales, the basic structures of CCEWs
and MJO in observations and numerical simulations can be approximately reconstructed with the
two baroclinic modes®!!:!>1®, Due to this reason, previous studies construct linear simple models
based on the two modes to explain the maintenance and propagation mechanisms of the
convectively coupled Kelvin waves (KWs)!722 — the eastward-propagating envelopes of
enhanced and suppressed convection maximized at the equator with an in-phase relationship
between geopotential and zonal wind anomalies.

Because deep convection is the most dominant mode in the tropics, earlier theories
argued that KWs grow by positive thermodynamic feedback between diabatic heating and
temperature anomalies of the first baroclinic mode component!’-!?. In their theories, the second
baroclinic mode passively responds to the first mode, and it does not contribute to KW
dynamics. However, recent studies suggest that this positive thermodynamic feedback occurs
within the second baroclinic mode component of the KWs and that the interactions between the

first and second baroclinic modes are essential®>°2%). The proposed instability mechanism — the
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interactions between the two baroclinic modes — can be briefly summarized as follows: deep
convective clouds produce ice condensates that are detrained into the environment. The detrained
ice condensates form stratiform clouds which produce diabatic heating and cooling above and
below the melting level, respectively. The second baroclinic mode heating anomalies change the
environmental temperature, affecting the stability, and thereby the triggering of deep convection.
However, detailed physical processes on how the second baroclinic heating affects temperature
and thus affects deep convection differ between different simple models, especially how
moisture is at play. For example, moisture does not affect convection at all in a simple model??;
mid-level moisture deficit regulates the height of convection in another model?!; another model
considered column moisture vital for convection?’. These diverse representations in simple
models highlight that we do not fully understand how the two modes interact with each other
within KWs.

Given the importance of characterizing the two modes’ vertical structures of diabatic
heating from annual to subseasonal timescales, it is vital to understand how their structures
would change under greenhouse-gas-induced warming. However, the projection of the heating
structure changes with warming is uncertain because we do not fully understand the interaction
between the mean state temperature changes and the changes in convective systems. Under
greenhouse-gas-induced warming, studies have attempted to explain the change of the mean state
temperature vertical profile. For example, studies have shown that the tropopause and the
melting level would rise and that the static stability in the troposphere would increase in response
to warming due to more substantial warming in the upper troposphere than in the lower
troposphere?*26, A large portion of the mean state temperature change in the tropics can be
explained by the vertical shift in temperature and humidity?’-?®. On the other hand, the way in
which the mean state changes affect the vertical structure of convective systems is less
understood. A recent study found that the rise of the melting level could enhance extreme
precipitation as it increases the depth in which rain droplets can grow before reaching the
surface?. However, the changes in diabatic heating of the two modes in response to warming are
not explicitly discussed. Characterizing and understanding the changes to the two modes’
vertical structures of diabatic heating with warming is equivalent to understanding the interaction

between the mean state changes and the changes in convective systems.
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Furthermore, projected changes in KWs under global warming are ongoing open
questions. One study*® found that KWs intensify and accelerate in global climate models of the
sixth version of the coupled model intercomparison project (CMIP6°!"). However, the
mechanisms behind the changes are unclear, underscoring a lack of understanding of the
response of KWs to the mean state changes. Most recently, using a set of aquaplanet simulations
with prescribed sea surface temperatures, another study found that KWs weaken and accelerate
with surface warming?2. Their results suggest that the weakening and acceleration of KWs to
surface warming are related to the weaker coupling between the two baroclinic modes, which
makes KWs follow the second baroclinic mode dynamics in a cooler climate and the first
baroclinic mode dynamics in a warmer climate®. In other words, KWs in a colder climate grow
by positive thermodynamic feedback within the second baroclinic mode, while KWs in a warmer
climate are damped by negative thermodynamic feedback within the first baroclinic mode™2.
Meanwhile, KWs in a colder climate propagate more slowly as they follow the second baroclinic
mode phase speed, while KWs in a warmer climate propagate faster as they follow the first
baroclinic mode phase speed®?. While their study associated the response of KWs to surface
warming with the weaker coupling between the two baroclinic modes®?, it remains unclear what
physical processes control the coupling and why the coupling weakens with warming.

Despite the potential impact of stratiform heating on the mean climate and KW dynamics,
the changes in stratiform heating as the climate warms and their influence remain unexplored in
the literature. This study uses aquaplanet simulations with surface warming and cooling
experiments (+4K, -4K, CTL) to investigate (1) the changes in the stratiform heating structure
with warming and (2) how these changes affect KWs. Specifically, we investigate how changes
in stratiform heating affect the coupling between the first and second baroclinic modes within
KWs. Based on the coevolution of moisture, precipitation, temperature, and convective heating
within KWs, we propose a mechanism for how the two baroclinic modes couple within KWs and
explain why coupling weakens with warming. Ultimately, we explain the amplitude and phase
speed changes of KWs as the surface warms based on the changes in coupling due to the mean

state change.
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Results

The first and second baroclinic mode structures change with warming

To obtain the dominant vertical structures of diabatic heating anomalies that explain the
largest variance in the tropics, the empirical orthogonal function (EOF) analysis is conducted on
diabatic heating anomalies. The most dominant vertical structure of diabatic heating anomalies in
our simulation is the first baroclinic mode, which shows a single-signed structure across the
whole troposphere (Fig. 1a). The second most dominant mode is the second baroclinic mode,
with a dipole in the upper and lower troposphere, separated by a nodal point in the mid-
troposphere (Fig. 1b). The vertical structures of the two modes are roughly consistent with those
in observations or reanalyses>%!314, Because the two baroclinic modes are obtained empirically
based on EOF analysis, from now on, we will use the EOF1 (EOF2) and the first (second)
baroclinic mode interchangeably.

Figure 1a shows that the two EOFs in all experiments are roughly bounded at the surface
and the tropopause (around 100hPa), suggesting that the top and bottom of deep convection
remain similar. However, the peak of the EOF1 shifts upward from around 600 hPa in -4K to
around 450 hPa in +4K (Fig. 1a), suggesting that the structure of deep convection changes from
more bottom-heavy to more top-heavy. Figure 1b shows that from -4K to +4K, with the surface
and tropopause remaining similar, the vertical structure of EOF2 also changes with warming: the
peak of positive and negative anomalies and the nodal point move upward. As a result, the
positive anomalies aloft shrink while the negative anomalies below expand. That is, the lower-
level peak of EOF2 is in the midpoint between the surface and the nodal point in -4K (blue line
in Fig. 1b). In comparison, the lower-level peak is located much closer to the nodal point in +4K
(red line in Fig. 1b). The weaker magnitude of the EOF2 in the lower troposphere around 800
hPa (marked with the orange square in Fig. 1) suggests that the second baroclinic mode diabatic
heating anomalies would have a weaker impact on the temperature variability in the lower

troposphere as the surface warms.
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The second baroclinic mode structure changes as the melting level rises with warming

To understand the physical processes that lead to the structural changes in EOF1 and
EOF2 with warming, we decompose the total diabatic heating anomalies into temperature
tendencies from individual physical parameterization schemes. The temperature tendency
(heating) from moist physics includes temperature tendency from (1) deep convection from
Zhang and McFarlane (1995) scheme* (abbreviated as ZM scheme from now on), (2)
evaporation of convective rain in ZM scheme, (3) shallow convection, boundary layer, and cloud
macrophysics from the Cloud Layers Unified by Binormals (CLUBB) scheme?*3>, and (4) the
advanced two-moment prognostic cloud microphysics from Gettleman and Morrison 20153
(MG2).

Figure 2 shows the anomalies of each temperature tendency term regressed upon
precipitation anomalies on different lag days for the entire tropics. In -4K, before lag day 0 (at
maximum precipitation), there is enhanced diabatic heating around 800 hPa, and at lag day 0,
enhanced diabatic heating occurs throughout the troposphere (Fig. 2a-c). Figure 2d-f shows that
the heating from the ZM deep convection scheme has the highest magnitude among all other
tendency terms (Fig. 2g-0). At lag day 0, the ZM scheme produces single-signed heating across
the entire troposphere, which likely contributes to the first baroclinic mode structure. The
maximum ZM heating occurs around 600 hPa (Fig. 2d-f). The weakening of ZM heating in the
lower troposphere below the melting level, especially in -4K (Fig. 2d), is due to the evaporation
of convective rain from the ZM scheme, as shown in the cooling anomalies below the melting
level in the temperature tendency from evaporation of convective rain in the ZM scheme in Fig.
2g. Figure 2j-1 shows that temperature tendency from CLUBB presents an overall heating at lag
day 0, with a maximum around 500 hPa, above the maximum heating from the ZM scheme.
CLUBB produces heating from shallow convection, cloud macrophysics (the previous
"stratiform" parameterization scheme in CAMS), and boundary layer processes. The maximum
heating around 500 hPa is likely from the condensation of stratiform cloud processes. Shading in
Figure 2m-o shows the temperature tendency from the cloud microphysics scheme, which shows
a weak heating in the upper troposphere and a weak cooling in the lower troposphere, with the
most robust cooling located around 800 hPa. The contours in Fig. 2m-o represent the latent heat
from melting, showing the strongest cooling around 800 hPa, and perfectly match the cooling

anomalies from cloud microphysics.
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The maximum diabatic heating is at lower pressure levels compared in +4K (Fig. 2c) to
that in -4K (Fig. 2a). Meanwhile, in +4K, the total heating is more tilted, with substantial heating
in the lower troposphere before maximum precipitation and substantial heating in the upper
troposphere after maximum precipitation. Heating from the ZM scheme is strongest at around
450 hPa in +4K (Fig. 2f), shifted upward from 600 hPa in -4K (Fig. 2d). Associated with the
upward shift of the maximum heating of deep convection due to surface warming, the most
substantial cooling from evaporation of convective rain (Fig. 2i), stratiform heating (Fig. 21), and
melting (Fig. 20, contour) are all located at lower pressure levels in +4K compared to those in -
4K (Fig. 2g, j, m).

To understand the contribution of each temperature tendency term to EOF1 and EOF2,
we project the lag-regressed temperature tendency terms in Fig. 2 onto EOF1 and EOF2 (Fig. S1
and S2). Figure S1 shows that the tendency from the ZM deep convection (blue line) contributes
the most to the variability of EOF1, while CLUBB (yellow line) contributes secondarily. Cloud
microphysics and rain evaporation of the convective rain from the ZM scheme contribute
minimally to the variability of EOF1. This confirms that EOF1 mostly comes from the ZM
scheme, which represents deep convection. On the other hand, EOF2 is mainly contributed by
the tendency from the cloud microphysics scheme (red line) and CLUBB (yellow line), which is
likely from stratiform cloud processes (Fig. S2).

After identifying the dominant physical processes contributing to EOF1 and EOF2,
Figure 3 shows the similarity in the vertical structure of those dominant physical processes and
EOF2. The corresponding result for EOF1 is shown in Fig. S3. The overall single-signed heating
structure of EOF1 (Fig. S3c) resembles the structure from the ZM deep convection scheme (Fig.
S3b, obtained from Fig. 2 at lag day 0). Furthermore, the maximum EOF1 (Fig. S3c) is roughly
located at the same pressure level as the maximum heating from the ZM scheme (Fig. S3b),
confirming again that the EOF1 mostly comes from the ZM scheme. On the other hand, the
overall positive-aloft-negative-below structure of EOF2 (Fig. 3c¢) is similar to the vertical
structure of the regressed heating from the cloud microphysics scheme (Fig. 3b), which shows
that the lower tropospheric cooling is located below the melting level (indicated in crosses,
identified from the 0°C of the mean state temperature averaged over 10°S-10°N). Note that
melting starts right at the melting level in CTL and +4K and occurs some layers below the

melting level in -4K where the mean temperature is roughly 2 deg C (Fig. 2b). This is likely
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because that there is more snow in -4K and that snow starts melting at 2°C in CAM6 while there
is more cloud ice in CTL and +4K, which starts melting at 0°C (this is a default setting of CAM6
in their model code). Nevertheless, the minimum of EOF2 (i.e., the negative peak in Fig. 3c in
the lower troposphere) is located at a similar pressure level with the negative peak in cloud
microphysics scheme (Fig. 3b), which comes explicitly from cooling due to melting (confirmed
by contours overlapping with shading in Fig. 2e). The maximum of EOF?2 (i.e., the positive peak
in Fig. 3¢ in the upper troposphere) corresponds to the peak of the regressed heating from
CLUBB (Fig. 3a, obtained from Fig. 2 at lag day 0), likely from stratiform processes, as
evidenced that the most substantial heating from CLUBB is located above the melting level. The
upper tropospheric peak of EOF2 aligns with maximum heating from CLUBB; the lower
tropospheric peak of EOF2 aligns with the maximum cooling due to melting (Fig. 3b). As the
surface warms, the melting level rises from 650 hPa in -4K to 575 hPa in CTL, and 525 hPa in
+4K (roughly -2.7%hPa/K) (Fig. 3d). As the melting level rises, the peaks of the second EOF
also rise to the upper troposphere (Fig. 3c). Particularly that the change in EOF2 with warming in
the lower troposphere is primarily due to melting, which primarily depends on the mean state
temperature profile. In addition, the location of the EOF2 peak in the lower troposphere (i.e.,
how far below the melting level does maximum melting occur) may also depend on the amount
of ice to be melted, which is associated with how strong the deep convection is.

Regardless, the mean state temperature change sets the changes in the EOF2 structure to
the first order. Figure S4 shows the simulated mean state temperature change from CTL to +4K
and from CTL to -4K (red and blue lines, respectively). While the surface warms by 4K,
warming in the upper troposphere (>100 hPa) is larger than 4K. The temperature change can be
approximately explained by the pure vertical shift of temperature with the additional effect due
to the shift of moisture, which induces latent heat, described as vertical structure transform
(VST)?"-%. This is because that specific humidity and relative humidity also roughly shift
upward. Around the melting level (500 to 700 hPa), there is a thick layer of roughly constant
warming, and the theoretical temperature change from VST aligns particularly well with the
simulated temperature change. Additional information on the VST in our simulations is
described in Text S4. This suggests that the melting level rise in our simulations can be
explained by the pure vertical shift of temperature with the additional effect due to the vertical

shift of moisture. Figure S5 shows the EOF2 structure as a function of the mean state



234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

manuscript submitted to npj Climate and Atmospheric Science

temperature, in which the lower tropospheric peak of the EOF2 in each simulation converges at
around the same temperature. These support the argument that as the surface warms, the change

of the EOF?2 structure is due to the change in the mean state temperature.

Coupling between the two modes weakens with warming within KWs

The interaction between the first and second baroclinic modes is a fundamental aspect of
KW dynamics in several simple models?*-22, The interaction between the two modes can be
summarized in Fig. S6: (a) the second baroclinic mode temperature perturbation triggers deep
convection (also known as the first baroclinic mode heating), (b) deep convection affects the
stratiform heating (also known as the second baroclinic mode heating), and (c) the second
baroclinic mode heating amplifies the second baroclinic mode temperature. Note that
precipitation is mainly driven by deep convection; thus, maximum precipitation occurs when
deep convection is strongest. In the later paragraphs, precipitation and deep convection are used
interchangeably.

Investigating how the interaction (coupling) between the two modes changes with
warming is key to understanding the changes in KWs. We quantify the coupling strength by the
coherence squared between the two modes in wavenumber-frequency space (shading in Fig. 4a).
Within KWs (purple band), the coupling strength between the second baroclinic mode
temperature and first baroclinic mode heating anomalies weakens within KWs (Fig. S6a).
Meanwhile, the coupling strength between the first and second baroclinic modes (Fig. S6b) also
weakens with warming (shading in Fig. S4a in this study and Fig. 11 in Chien and Kim (2024)3!)
and so does the coupling strength between the stratiform heating and the second baroclinic
temperature (Fig. Séc, shading in Fig. S4c). These suggest that the two modes are strongly
coupled within KWs in -4K, moderately coupled in CTL, and weakly coupled in +4K. This
weakening of the coupling between the two modes implies that the KW dynamics change with
warming.

In other words, as the surface warms, (i) the second baroclinic temperature anomalies are
less efficient in generating deep convection, (ii) deep convective heating and stratiform heating
are less correlated, and (iii) stratiform heating cannot effectively amplify the second mode
temperature anomalies. Deep convective heating likely affects stratiform heating through the

detrainment of hydrometers from deep convection to form stratiform clouds; stratiform heating

10
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likely affects the second baroclinic temperature anomalies through the eddy available potential
energy (EAPE) generation, as mentioned in previous studies!>?°?2, We speculate that the main
reason that the coupling between the two modes weakens with warming is that the second
baroclinic mode temperature anomalies are less effective in triggering deep convection as the
surface warms. In the following, we focus on how the second baroclinic temperature affects deep
convection. We hypothesize that the change in EOF2 structure is responsible for the change in
coupling strength.

The change in coupling strength is important for KWs. Figure 4b shows the normalized
power spectrum of precipitation anomalies (adapted from Chien and Kim 2024%2), showing that
KWs accelerate and weaken with warming. Within the KW band, the reduced precipitation
power (Fig. 4b) is consistent with the reduced coupling strength (Fig. 4a). Based on detailed
diagnostics of the maintenance and propagation mechanisms, the previous study associated the
response of KWs with the weakening of coupling between the two modes?2, highlighting the
importance of understanding the coupling process and why coupling weakens.

Over the past decades, different coupling mechanisms have been proposed in simple
models that describe the destabilization of KWs within the second baroclinic mode component?*-
22, According to Mapes (2000)?2, cold anomalies in the lower troposphere from the second
baroclinic structure decrease the static stability of the atmosphere and trigger deep convection. In
Kuang (2008)!, deep convection is triggered when the second baroclinic mode temperature
perturbation changes from warm anomalies to cold anomalies in the lower troposphere. In
Khouider and Majda (2006)?°, deep convection occurs when the midtroposphere is moist. By
examining the phase relationship between these variables within KWs, we find that none of the
above can fully explain the coupling mechanism in our simulations (a detailed comparison
between our simulation results and previous simple models is described in Text S1). The next
sections will provide some evidence of our proposed mechanism for how the change in EOF2

structure affects the coupling.
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The coupling weakens due to the changes in the second baroclinic structure as the surface

warms

Since we cannot fully explain coupling mechanisms (especially on how the second
baroclinic mode temperature anomalies affect the first baroclinic mode diabatic heating

anomalies) in our simulations based on previous simple models?’-22

, we explore other possible
coupling pathways. We first examine how the first baroclinic mode diabatic heating anomalies
are correlated with temperature anomalies at each pressure level (Fig. S9b). We find that the first
baroclinic mode diabatic heating and temperature anomalies are generally positively correlated
in the upper troposphere and negatively correlated in the lower troposphere (Fig. S9b),
resembling EOF2 (Fig. S9a), suggesting that deep convection — first baroclinic mode diabatic
heating anomalies — tends to occur with the second baroclinic mode temperature perturbation.
Among all pressure levels, the first baroclinic mode diabatic heating is most strongly correlated
negatively with temperature in the lower troposphere between 600 and 800 hPa in all
simulations. The negative correlation between deep convection and temperature in the lower
troposphere is likely because deep convection favors a colder environment in the lower
troposphere, as it is often associated with lower static stability. In -4K, deep convection is more
sensitive to temperature in the lower levels, especially near 800 hPa, while in +4K, precipitation
is more sensitive to temperature near 600 hPa. This suggests that deep convection is most
sensitive to environmental stability at different vertical levels in different climates. Therefore, the
second baroclinic mode temperature anomalies may not directly affect deep convection by
modifying the stability (e.g., convective inhibition)??>*’ for the same pressure level in different
climates.

On the other hand, in all climates, deep convection is sensitive to moisture for the same
pressure level in the lower troposphere (750-850 hPa) (orange box in Fig. S10), suggesting that
deep convection tends to occur when the lower troposphere is moist. While the above is true for
anomalies in general, we also find that within KWs, the KW composite precipitation is roughly
in phase with moisture in the lower troposphere (Fig. S11). Note that moisture budget analysis
shows that moisture in the lower troposphere mainly comes from vertical advection of moisture
(Fig. S12). Based on these, we suspect that the second baroclinic mode temperature anomalies
may affect deep convection through vertical moisture advection in the lower troposphere. As the

surface warms, the change in EOF2 structure may weaken lower tropospheric moisture

12
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advection, and thus, deep convection is weaker. In the following paragraphs, we will elaborate
on details supporting the hypothesis that the change in the EOF2 structure weakens the coupling
between the two modes within KWs.

Figure 5a synthesizes the coupling process between the two baroclinic modes within
KWs in -4K, where the two modes are strongly coupled, and the KW amplitude is large. In the
lower troposphere, the second baroclinic mode temperature anomalies (red and blue contours)
present warm anomalies at the suppressed phase and cold anomalies at the enhanced phase.
During the suppressed phase of precipitation (negative KW phase), warm anomalies in the lower
troposphere increase stability below (red contours in Fig. 5a and Fig. S13b-left), and thus, the
subgrid-scale convective updraft mass flux from the ZM deep convection scheme is suppressed
(purple shading in Fig. S13b-left), which drives diabatic cooling around 800 hPa at KW phase -
3n/4 (blue shading in Fig. 5a and Fig. S13a-left). Diabatic cooling anomalies are collocated with
the grid-scale downward motion in the lower troposphere (arrows in Fig. 5a and Fig. S13a-left),
suggesting that diabatic cooling enhances grid-scale downward motion, which is generally valid
under the weak temperature gradient approximation®®3°. As the downward motion weakens, the
prevailing KW wind becomes easterly, which adds up to the mean state easterly (Fig. 1 in Chien
and Kim 2024°?) and thus enhances the surface latent heat flux, moistening the boundary layer
between 850 to 950 hPa (Fig. S14-left). At this stage, moisture accumulates in the boundary
layer (green contours in Fig. 5a).

As the KW phase evolves to a positive phase (i.e., stage of enhanced precipitation), the
warm anomalies in the lower troposphere weaken (red contour in Fig. 5a and Fig. S13b-left),
strengthening the sub-grid scale convective updraft mass from the ZM deep convection scheme
(brown shading in Fig. S13b-left). The enhanced sub-grid scale convective updraft mass flux
produces grid-scale diabatic heating around 800 hPa at KW phase n/4 (orange shading in Fig. 5a
and Fig. S13a-left). Diabatic heating enhances grid-scale upward vertical velocity (arrows in Fig.
5a and Fig. S13a-left). As the large-scale upward motion strengthens, vertical moisture
advection decreases moisture in the boundary layer (contours in Fig. S13c-left) and increases
moisture in the lower troposphere (green contour in Fig. 5a). When moisture reaches a
maximum in the lower troposphere, precipitation maximizes (at KW phase = n/2). After
maximum precipitation, stratiform clouds develop and produce a dipole of heating anomalies

(i.e., heating on top and cooling on the bottom), amplifying the initial second baroclinic mode

13
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temperature perturbation. Therefore, KWs are destabilized. The first and second baroclinic
modes are tightly coupled in this climate state.

On the other hand, as the surface warms, KW amplitude is low, and the two modes are
weakly coupled. Figure 5b shows that in +4K, this coupling mechanism is less efficient due to
weaker temperature perturbations in the lower troposphere, which is related to the change in the
second baroclinic mode's structure. The second baroclinic mode structure in +4K compared to
that in -4K presents upward-shifted peaks and weaker variability right above the boundary layer
(blue and red contours in Fig. 5b and Fig. S13b-right). A weaker temperature perturbation in the
lower troposphere is less effective in perturbing stability, and thus, the sub-grid-scale updraft
mass flux anomalies are weaker. Weaker sub-grid-scale updraft mass flux anomalies are
associated with weaker grid-scale diabatic heating anomalies in the lower troposphere (shading
in Fig. 5b and Fig. S13a-right), which are less effective in modulating the grid-scale vertical
motions (arrows in Fig. 5b and Fig. S13a-right). Meanwhile, weaker vertical velocity leads to
weaker moistening of the lower troposphere (shading in Fig. S13c-right) via vertical advection
(contour in Fig. S13a-right and S10c-right). Reduced moisture anomalies in the lower
troposphere (green contour in Fig. 5b) trigger weaker deep convection. Smaller stratiform
heating with a larger phase lag follows deep convection (Fig. 7 in Chien and Kim 2024%?).
Weaker second baroclinic mode heating anomalies with a larger phase lag cannot effectively
amplify the initial second-mode temperature perturbation in +4K. KW precipitation is damped in
this climate state because the second and first baroclinic modes are weakly coupled.

A few parameters that summarize our proposed coupling mechanism are shown in Figure
6, displaying the relative amplitude of the normalized KW composite variables (quantified by the
maximum and minimum of the anomalies of the normalized KW composite) in each simulation
compared to those in the -4K simulation. In summary, the coupling process is that the second
baroclinic mode temperature anomalies lower environmental stability and enhance the
convective updraft in the lower troposphere from the ZM convection scheme before the onset of
deep convection (Fig. 6a, b). The convective updraft mass flux enhances diabatic heating in the
lower troposphere (Fig. 6¢), which strengthens grid-scale upward motion (Fig. 6d). The lower
tropospheric upward motion ahead of deep convection facilitates moistening of the lower
troposphere via vertical advection (Fig. 6¢). When the lower troposphere is moist (Fig. 6f), deep

convection occurs. As the climate warms, the change in the EOF2 structure makes the second
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385  baroclinic mode heating less effective in generating temperature variability in the lower

386 troposphere, which weakens static stability anomalies and the vertical velocity ahead of deep
387  convection (Fig. 6a-d). Weaker vertical velocity is associated with weaker vertical advection of
388 moisture (Fig. 6e), which weakens moisture in the lower troposphere (Fig. 6f), and thus deep
389  convection weakens.

390 Combining all results, we conclude that as the surface warms, the coupling between the
391  second baroclinic mode temperature and the first baroclinic mode heating weakens (i.e., the

392 second baroclinic mode temperature anomalies are less effective in triggering deep convection)
393 mainly due to the structural changes in EOF2 associated with the rise of the melting level. This
394  weaker coupling leads to the weakening and acceleration of KWs*2. Our results suggest that the
395  response of KWs to surface warming is primarily affected by the melting level and the second
396  baroclinic mode structure.

397

398  Discussion

399 While stratiform cloud processes are a crucial building block of tropical rainfall from

400  mesoscale convective systems to planetary-scale tropical waves!'*, how the stratiform heating
401  structure would change in a warmer climate remains an open question. Despite the fact that

402 convectively coupled Kelvin waves (KWs) are important drivers of extreme precipitation and
403  flooding events in the tropics****, few studies have focused on the changes of KWs with

404  warming®*32, Further, the effect of changes in stratiform heating structure on KWs with surface
405  warming remains unexplored.

406 This study analyzes the structural changes of stratiform heating structure and the response
407  of KWs to surface temperature forcing using a set of three aquaplanet simulations with

408  prescribed boundary conditions of sea surface temperature, representing the current climate

409  (CTL), a 4K cooler (-4K) and a 4K warmer (+4K) climate. Results show that as the melting level
410  rises (-2.7 %hPa/K) with warming, ice particles falling from the stratiform clouds melt at lower
411  pressure levels. Thus, the stratiform heating structure presents upward-shifted peaks in the lower
412 troposphere and weaker variability right on top of the boundary layer. The stratiform heating

413 structure changes lead to weaker temperature variability, vertical motion, and moistening in the

414  lower troposphere, which are less favorable for triggering deep convection. As a result, the
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415 coupling between stratiform heating and deep convection weakens within KWs, causing KWs to
416  weaken (-4.7%/K) and accelerate (+7.1%/K) with warming. We propose a mechanism that

417  connects the change in the mean state temperature profile with the interaction between clouds,
418  which further impacts tropical waves. The findings of this study have further implications for
419  understanding tropical climate change.

420 Our proposed mechanism of the coupling between deep convection (i.e., the first

421  baroclinic mode) and the stratiform cloud processes (i.e., the second baroclinic mode) highlights
422 that second baroclinic mode temperature anomalies affect deep convection by moistening the
423 lower troposphere, which differs from the assumptions of previous simple models of the KWs?%-
424 22, Future studies can further examine this process in observations and other numerical models.
425  Incorporating this process in simple models and examining their effect on KW growth and

426  propagation would also be an interesting question. While our proposed coupling mechanism is
427  based on the CAM6 simulations, it is necessary to verify this coupling process further in

428  different numerical models and observations. Preliminary analysis of the observed KWs shows
429  some similar moisture characteristics with the KWs in our simulations. Similarities include the
430  in-phase relationship between KW precipitation and moisture in the lower troposphere, gradual
431  moistening from the boundary layer to the lower troposphere, and vertical advection being the
432 most dominant source of moisture in the lower troposphere (details are described in Text S2).
433 However, more in-depth investigation of the coupling process within KWs in observation and
434 other numerical simulations is needed.

435 It is worth mentioning that there is a discrepancy between the weakening of KWs with
436 warming in our simulations and the strengthening of KWs in CMIP6 models*°. While they

437  speculated that the strengthening of KWs is associated with the increasing midlatitude wave

438 activities, results from this study suggest it is also crucial to investigate the internal

439 thermodynamic feedback between diabatic heating and temperature of KWs??. In particular, the
440  change in the melting level and the second baroclinic mode structure, especially the location of
441  the lower tropospheric peak of the second baroclinic structure. The location of the lower

442 tropospheric peak would depend on the melting level and how efficiently the model cloud

443 microphysics scheme treats melting processes. To what extent the second baroclinic mode

444  structure affects lower tropospheric vertical velocity and moisture, as well as how precipitation

445  interacts with the lower tropospheric moisture, could depend on the model physics, especially the
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cumulus parameterization of the model. The co-evolution of the second-mode temperature,
moisture in the lower troposphere, and deep convection needs to be closely examined in CMIP6
models. Although the melting level is likely to rise in warmer climates, how it affects the KWs
would depend on this co-evolution.

Meanwhile, recent global storm-resolving simulations show promising results in
representing tropical waves*. Specifically targeting the KWs, recent studies showed that KW
amplitude and growth are sensitive to convective parameterizations* and that KWs are stronger
in convectively resolved simulations than in convectively parameterized simulations due to the
differences in the vertical structure of diabatic heating*®. Examining and comparing this co-
evolution of temperature, moisture, and deep convection within KWs in convectively resolved
and parameterized simulations would be interesting. Investigating this co-evolution would also

provide insights into the future projections of KWs in storm-resolving simulations.

Methods

Aquaplanet simulations

Our study utilizes the sixth version of the Community Atmosphere Model (CAM®6) to
conduct aquaplanet simulations. Three sets of simulations are analyzed, with prescribed zonally
symmetric sea surface temperature (SST), including the control simulation (CTL), the 4K cooler
(-4K), and the 4K warmer (+4K) experiments. The simulation details are described by Chien and

Kim (2024)32. Note that this study uses 3-year simulations for analyses.

KW diagnostic method

Our KW diagnostic includes meridional projection of all variables, space-time spectral
analysis, composite field variables based on the convective phase of KWs, EOF analysis to
obtain the vertical structure of the first and second baroclinic modes, and calculation of the eddy
available potential energy (EAPE) growth rate associated with the two modes. Details of the
above diagnostic are documented in Chien and Kim (2024)32, summarized below: the meridional
projection is adapted from previous studies*’*%, the space-time spectral analysis is adapted from
the previous study that first designed this analysis?, and the KW composite method is adapted

from another study*. Note that because KW amplitude weakens with warming, it is reasonable
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that KW composite anomalies of all fields weaken with warming. To fairly compare the
magnitude of KW composite anomalies in different simulations, all KW composite variables,
except precipitation, are normalized by the KW amplitude of precipitation in each simulation.
After normalization, the KW composite anomalies per unit of KW precipitation are shown. If not
specified, the KW composite anomalies in this study represent the normalized version.
Comparing the relative magnitude of the normalized anomalies provides more insights into how

efficient precipitation or deep convection is generated in each simulation.
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Figure 1. Vertical profile of (a) the first and (b) the second EOF structure of diabatic heating.
The orange square marks the lower troposphere (750-850 hPa).
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Figure 2. Lag regression of temperature tendency upon raw precipitation anomalies for each
physical process: (a-c) total condensation, (d-f) ZM scheme, (g-i) evaporation from ZM scheme,
(j-1) CLUBB, and (m-o0) microphysics scheme. Note that latent heat from melting is shown in
contours on (m-o). This regression is normalized by the variance of precipitation anomalies in
each experiment, representing the temperature tendency per precipitation unit. The x-axis in each
panel is flipped to be comparable to the KW composite figures shown earlier. The melting levels
for each experiment are indicated in green crosses.
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orange square marks the lower troposphere (750-850 hPa).
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Text S1. Comparison of the coupling process in our simulations with previous linear models of
KWs

Different coupling mechanisms have been proposed in simple models that
describe the destabilization of KWs within the second baroclinic mode component (e.g.,
Mapes 2000; Kuang 2008; Khouider and Majda 2006). Figure S6 summarizes critical
steps that are common to all models above: (a) the second baroclinic mode temperature
perturbation triggers deep convection (also known as the first baroclinic mode heating)
(T2 to Q1), (b) deep convection affects second baroclinic mode heating (Q1 to Q2), and
(c) the second baroclinic mode heating amplifies the second baroclinic mode temperature
(Q2 to T2). Note that precipitation is mainly driven by deep convection; thus, maximum
precipitation occurs when deep convection is strongest. In the later paragraphs,
precipitation and deep convection are used interchangeably.

In Mapes (2000), convective inhibition (CIN) is crucial for the coupling. That is,
the lower tropospheric cold anomalies from the second baroclinic mode temperature
perturbation correspond to low CIN and trigger deep convection (T2 to Q1). Stratiform
clouds develop three hours after deep convection and produce a heating-over-cooling
pattern (Q1 to Q2). The heating-over-cooling pattern amplifies the second baroclinic
mode temperature perturbation (Q2 to T2). If this mechanism is at work, deep convection
would occur simultaneously with minimum CIN. To test this mechanism, we calculate
deep convective inhibition (DCIN), an indicator of the environmental stability for
convection originating within the boundary layer. The calculation of DCIN is adapted
from Fuchs et al. (2014) and Weber et al. (2021):

(1)
DCIN = MSE;-MSE,,,

where MSE},; is the moist static energy within the boundary layer (below 900hPa,
determined based on the layers with nearly constant potential temperature), and MSE; is
the minimum saturated moist static energy above the boundary layer (825 hPa for -4K
and 850 hPa for CTL and +4K). DCIN is qualitatively similar to CIN in Mapes (2000).
We find that maximum KW precipitation (Fig. S8a) and minimum DCIN present a

substantial phase lag (2/8-3/8 m) (Fig. S8c), suggesting that the coupling mechanism in
our simulations cannot be fully explained by that in Mapes (2000).



In a later model by Kuang (2008), deep convection is in quasi-equilibrium with
the tropospheric temperature within the second baroclinic component. In other words, the
change in second-mode temperature perturbation triggers deep convection (T2 to Q1).
Deep convection moistens the midtroposphere and helps the development of stratiform
clouds (Q1 to Q2). The stratiform heating and cooling amplify the second baroclinic
mode temperature perturbation (Q2 to T2). If this mechanism works in our simulations,
deep convection would be in quadrature with the second baroclinic mode temperature
perturbation (out-of-phase with the second baroclinic mode temperature tendency).
However, in our simulations, precipitation is roughly out-of-phase with the second
baroclinic mode temperature perturbation (Fig. S8d), suggesting that the coupling
mechanism in our simulations cannot be fully explained by Kuang (2008) either.

In another model from Khouider and Madja (2006), the coupling mechanism is
complicated because deep convection is parameterized based on confounding factors in
the boundary layer and the free troposphere. The coupling mechanism is described as
follows: Start with the second baroclinic mode temperature perturbation and its
associated zonal wind. The second baroclinic mode zonal wind convergence in the lower
troposphere moistens the midtroposphere. When the midtroposphere is dry, congestus
clouds continue to develop and keep moistening the midtroposphere. When the
midtroposphere is moist, precipitation occurs (T2 to Q1). Precipitation is enhanced when
the lower troposphere is cold and the boundary layer is warm and moist. Stratiform
heating appears after precipitation with a time lag of three hours (Q1 to Q2). The
stratiform and congestus heating amplifies the second baroclinic mode temperature
perturbation and the associated zonal wind perturbation (Q2 to T2). In our simulations,
precipitation is roughly in-phase with the lower tropospheric moisture anomalies (Fig.
S8b) instead of the midtropopheric moisture, suggesting that the coupling mechanism in

our simulations cannot be fully explained by Khouider and Majda (2006) either.



Text S2: Moisture diagnostics of the observed KWs

Text S2 compares the moisture diagnostics in the observed KWs with those in our
simulations. The observed KWs are obtained from the satellite observed 3-hourly ERAS
reanalysis and the cloud brightness temperature data from the CLAUS dataset from 1998
to 2013. For simplicity, we use the term "observation" to represent the combined results
from CLAUS and ERAS. Figure S15 shows that the first baroclinic mode diabatic heating
anomalies are also most strongly correlated with moisture in the lower troposphere in
observation. However, the pressure levels with the highest correlation in observation are
around 650-750 hPa, while those with the highest correlation in our simulations are
around 750-850 hPa. Figure S16 shows that vertical advection of moisture is also the
dominant source of moisture in observation. Figure S14 shows the KW composite
moisture tendency (shading) and the vertical advection of moisture (contour). In the
observed KWs (Fig. S17d), moisture also accumulates in the boundary layer first and
then the lower troposphere, although the moistening is more rapid than that in aquaplanet
simulations (Fig. S17a-c). Moistening in the lower troposphere in the observed KWs is
also positively correlated with vertical advection of moisture ahead of deep convection.
This suggests that the gradual moistening in the lower troposphere ahead of deep
convection, a key component of our proposed coupling mechanism, is likely valid in the
observed KWs. Future studies can more deeply diagnose the moisture evolution of the

observed KWs and compare that with the proposed mechanism in our simulations.



Text S3. Vertical-shift transformation of temperature

The vertical-shift transformation of temperature is used to explain the vertical
profile of temperature change with warming, originated from Singh and O’Gorman
(2012) and O’Gorman and Singh (2013). They found that temperature change for each

pressure level can be calculated as follows:

ATysr(p) = (B — 1) (P a_T - RUTZ);
Jop L

where T represents temperature, [ is a constant, R, is the gas constant for water vapor,
and L is the latent heat of vaporization and sublimation of water. [ is obtained from
fitting the actual temperature change from CTL to +4K (-4K) simulations at the boundary
layer top (850 hPa). The boundary layer top is used for fitting as it is the lowest level that
would satisfy vertical-shift transformation. This is because the temperature change within
the boundary layer could be affected by surface processes and mixing and thus are more
complicated than vertical shift.

The physical interpretation of this equation is that the first term represents the
vertical shift of temperature, and the second term represents the additional effect of latent
heat due to the vertical shift of specific humidity and relative humidity.

By applying our simulated temperature profile from CTL and the fitted parameter S
from CTL to +4K (-4K) to the above equation, we obtain the vertical shift of temperature
in our simulations in Fig. S4.

Figure S4 shows that there is a thick layer of roughly constant warming between 500
and 700 hPa. That thick layer of roughly constant warming is due to the cancellation of

(1) slightly decreases of the first term as pressure decreases (because of the increase of

static stability (Z—:;) canceled by the pressure level (p) itself) and (2) the slight increase of

the second negative term as the pressure decreases (because of the decrease in mean state
temperature as pressure decreases, the cooling effect of saturation moisture decreases as
pressure decreases) (Fig. S18). Note that the kink of VST around 800 hPa is due to the
kink in the static stability profile in CTL (Fig. S19).
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Figure S3. Vertical profile of (a) diabatic heating from CLUBB scheme regressed upon
precipitation anomalies at lag day 0, (b) diabatic heating from ZM deep convection
scheme regressed upon precipitation anomalies at lag day 0, and (c) the first EOF
structure of diabatic heating. Melting levels for each experiment are indicated in crosses,
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experiment are indicated in crosses. The orange square marks the lower troposphere
(750-850 hPa).
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Figure S6. Illustration of the interaction between second mode temperature (T2), first
mod heating (Q1), and second mode heating (Q2).
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Figure S7. Coherence squared (shading) and phase-relationship (arrows) between (a) the first and

second baroclinic mode heating anomalies (Q1 and Q2), (b) the second mode temperature (T2)

and the first mode heating (Q1) anomalies, and (c) the second mode heating (Q2) and temperature
(T2) anomalies in wavenumber-frequency space. KW band is indicated in purple polygons. (a) is
similar to Fig. 11 in Chien and Kim (2024), except that only 3-year of data is used here to be

consistent with other analyses in this paper. Arrows pointing leftward (rightward) represent

the latter variable lagging (leading) the former variable; arrows pointing upward
(downward) represent the two variables are in phase (out of phase).
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Figure S14. KW composite (a) tendency of specific humidity (shading) and apparent
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moisture source (contour), (a) zonal wind (shading) and apparent moisture source (contour), (b)

apparent moisture source averaged over the boundary layer, (c) surface latent heat flux, (d)
difference between specific humidity at 1000 hPa and saturated specific humidity at the surface,
and (e) zonal wind speed at 1000 hPa. Yellow boxes indicate the boundary layer (850 to 950

hPa).
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Correlation coefficient for aquaplanet
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Figure S15. Correlation coefficient between the first mode diabatic heating and moisture

for each pressure level in surface warming experiments and the Indian Ocean in ERAS
reanalysis.
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Lower free troposphere (750-850 hPa)
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Figure S16. Contribution to KW moisture tendency from each moisture budget term

-4K
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+4K
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averaged over the lower free troposphere (750-850 hPa) in surface warming experiments

and the Indian Ocean in ERAS reanalysis.
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(b) CTL (c) +4K (d) ERAS
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Figure S17. KW composite moisture tendency (shading) and vertical advection of

moisture (shading) in (a-c) surface warming experiments and (d) in ERAS reanalysis
based on the composite in the Indian Ocean.
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Mean state temperature difference (vst)
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Figure S18. Decomposition of VST of temperature from the first and second terms from
CTL to +4K. Note that I use beta from 500 hPa to demonstrate, but similar conclusions

can be drawn from 850 hPa.
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dT/dp from CTL
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Figure S19. The vertical gradient of temperature (dT/dp, also known as static stability) in

CTL simulation.
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