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Abstract A recent theory proposes that tropical depression (TD)-type waves grow by flattening the mean
meridional moisture gradient, consequently weakening the Hadley Cell through a poleward moisture flux. To
evaluate this theory, we investigate the seasonality of TD-type waves and their relation to the Hadley Cell in
ERAS5 and Coupled Model Intercomparison Project Phase 6 (CMIP6) models. On the basis of the theory, a
Hadley Cell instability metric is defined whose variability is largely determined by the background meridional
moisture gradient and the sensitivity of rainfall to moisture fluctuations. Results show that both TD-type wave
column moisture variance and eddy moisture fluxes peak when the Hadley Cell instability metric is a maximum.
These conditions typically occur when the mean meridional precipitation gradient is strongest and the Hadley
Cell is weak and narrow. CMIP6 models that exhibit higher Hadley Cell instability metric simulate stronger TD-
type wave activity in the Northern Hemisphere.

Plain Language Summary Tropical depression (TD)-type waves are synoptic-scale disturbances
that play an important role in the hydrological cycle of many off-equatorial regions and are often seeds for
tropical cyclones. Despite decades of research, our understanding of the existence and core processes of TD-
type waves remains limited. A recently developed theory posits these waves as instabilities that grow by stirring
the horizontal distribution of moisture and weakening the Hadley Cell. Here, we demonstrate that in reanalysis
and climate models, the amplitude, seasonality, and moisture transports associated with TD-type waves align
with the Hadley Cell instability metric, as described in previous studies.

1. Introduction

Convectively coupled tropical depression (TD)-type waves are synoptic-scale disturbances that are closely
connected with cumulus convection (Cheng et al., 2023; Kiladis et al., 2009; Lau & Lau, 1990; Takayabu, 1994).
In the Northern Hemisphere, TD-type waves propagate westward or northwestward over oceans (Lau &
Lau, 1990; Lubis & Jacobi, 2015; Rydbeck & Maloney, 2015; Takayabu & Nitta, 1993; Vargas Martes
etal., 2023). They play an important role in the hydrologic cycle of the regions they traverse, can sometimes cause
floods, and serve as seeds for tropical cyclone development over the Pacific and Atlantic Oceans (e.g., Avila
et al., 2000; Dominguez et al., 2020; Frank & Roundy, 2006; Huang & Huang, 2011; Landsea, 1993; Lubis &
Jacobi, 2015; Russell et al., 2017; Serra et al., 2010; A. H. Sobel & Bretherton, 1999; Yoshida & Ishikawa, 2013).

TD-type waves are distinct as they do not correspond to any mode of Matsuno's linear equatorial wave theory
(Matsuno, 1966; Wheeler & Kiladis, 1999). Even though they have been studied for decades (e.g., Riehl, 1945),
there is no agreed-upon theory that describes their existence, structure, and growth. Furthermore, it is well known
that TD-type waves are primarily a Northern Hemisphere summer feature. While this is attributed to the fact that
the Intertropical Convergence Zone (ITCZ) is north of the equator (Frank & Roundy, 2006; Huang &
Huang, 2011), there remains no consensus on the physical processes that explain their preponderance over the
Northern Hemisphere's oceans.

Despite differences in geographical basic states and structures (Kiladis et al., 2009; Lau & Lau, 1990; Mayta &
Adames Corraliza, 2024; Mayta et al., 2025; Reed & Recker, 1971; Rydbeck & Maloney, 2014; Shapiro, 1986;
Vargas Martes et al., 2023), oceanic TD-type waves are primarily driven by the same thermodynamic processes.
Diabatic heating and adiabatic cooling approximately balance each other, resulting in weak temperature gradient
(WTG) balance (A. H. Sobel et al., 2001). Further, temperature variations in the waves are smaller than moisture
fluctuations (Luo et al., 2023; Mayta & Adames, 2023; Mayta & Adames Corraliza, 2024; Vargas Martes
et al., 2023). Systems that obey these criteria are referred to as “moisture modes” (Raymond & Fuchs, 2009; A.
Sobel & Maloney, 2012; Yu & Neelin, 1994). The growth of moisture anomalies in all oceanic TD-type systems is
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largely determined by radiative heating and the advection of background moisture by anomalous meridional
winds (Mayta & Adames Corraliza, 2024; Rydbeck & Maloney, 2015). The former is associated with upper-
tropospheric clouds, which reduce longwave radiative cooling and offset the drying from vertical advection
via the WTG approximation (Chikira, 2014; Wolding & Maloney, 2015; Wolding et al., 2016). The latter process
was first documented by A. H. Sobel et al. (2001) and was later referred to as moisture-vortex instability (MVI)
(Adames, 2021; Adames & Ming, 2018). Recent work has proposed that MVI arises from instabilities in the
meridional moisture gradients of the ITCZ, which can be modulated by the lower branch of the Hadley Cell
(Adames Corraliza & Mayta, 2024). When TD-type waves grow from MVI, they induce a poleward eddy
moisture flux that flattens the moisture gradient, thereby weakening the Hadley Cell.

Despite advances in our understanding of TD-type waves, accurately representing their variability remains a
significant challenge for global climate models (GCMs, Camargo, 2013; Daloz et al., 2012; Huang et al., 2013;
Ruti & Dell’ Aquila, 2010; Vargas Martes et al., 2025). Several studies suggested that this poor representation
often originates from inadequate coupling between TD waves and convection (Martin & Thorncroft, 2015;
Skinner & Diffenbaugh, 2013). Other studies highlighted the importance of model resolution in realistically
simulating TD-type waves (Camargo, 2013; Martin & Thorncroft, 2015; Skinner & Diffenbaugh, 2014).
Recently, Vargas Martes et al. (2025) found that climate models that simulate stronger east Pacific easterly waves
tend to exhibit weak meridional background moisture gradients, consistent with the idea that these waves act to
“stir” column moisture throughout the tropics (Adames Corraliza & Mayta, 2024).

Based on previous findings that suggest TD-type waves originate from instabilities in the lower branch of the
Hadley Cell, this study investigates the relationship between these two phenomena using reanalysis data and
output from the Coupled Model Intercomparison Project Phase 6 (CMIP6). These analyses aim to address the
following key questions:

Q1: How is the TD-type wave variability linked to the Hadley Cell?
Q2: To what extent can global climate models reproduce this association?

The data sets and methods are described in Section 2. Section 3 summarizes the theory that links TD-type
variability to Hadley Cell strength. Section 4 diagnoses the relationship between TD-type variability and Had-
ley Cell instability metric in reanalysis. In Section 5, we apply the same analysis to climate models. Major
findings and discussions are summarized in Section 6.

2. Data Description, Processing, and Diagnostics
2.1. Reanalysis and Model Data

The fifth generation of the European Centre for Medium-Range Weather Forecasts reanalysis (ERAS, Hersbach
et al., 2019) is used for the 34-year period 1984-2017 to enable analysis of climatological characteristics and
comparability with previous studies. It provides daily temporal resolution, a spatial resolution of 0.5° longitude X
0.5° latitude, and 27 pressure levels ranging from 1000 to 100 hPa. ERAS serves as a reference for evaluating 39
CMIP6 models (Eyring et al., 2016, Table S1 in Supporting Information S1) under the historical scenario from
1984 to 2014. For consistent comparison, all data sets are interpolated to a uniform horizontal resolution of 2.5°
longitude X 2.5° latitude following a first-order conservative remapping (Jones, 1999). Variables used include
moisture, temperature, geopotential height, horizontal winds, vertical velocity, and precipitation.

2.2. Filtering for Wave Signal

To isolate the TD-type wave signal, the field variables are filtered using fast Fourier transforms (FFT) in space
and time to retain wavenumbers k = —20 to —5 and periods of 2.5-10 days (denoted by primes ). Before per-
forming the FFT, we apply a split-cosine-bell window to reduce the leakage from strong spectral peaks. This
window will diminish the wave amplitude at the beginning and end of the data period (Donnelle & Rust, 2005).
Thus, the first and last years of the data are excluded.

2.3. Space-Time Spectrum

Space-time spectrum analysis is computed following Wheeler and Kiladis (1999), except that for June-November
and December—May (182 and 183 days), we apply 48-day segments overlapping by 15 days (i.e., days 148, 34—
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81, 67-114, 100-147, and 133-180). This approach yields five segments per season, compared to the two
typically obtained using 96-day windows with 30-day overlaps, allowing for a more accurate representation of
synoptic-scale variability (Dias & Kiladis, 2014; Dias et al., 2023). Sensitivity tests show that the results are not
significantly affected by the choice of segment configuration. The spectra of the half-year period are produced one
at a time and then averaged over 32 time frames during the December 1984-November 2016 period. Given our
focus on TD-type waves, the spectrum analysis retains only the westward symmetric component.

2.4. Metrics of Hadley Cell Strength

Following Oort and Yienger (1996), we compute the mass-weighted zonal-mean stream function (¥) for each
month in the data set,

Dy
W(p.p) = @ f Wop'ydp’ (1)
14

where a is the global radius of the Earth, g is the gravitational acceleration, ¢ is latitude, and v(¢, p’) is monthly
zonal-mean meridional winds. A stronger stream function represents a stronger Hadley circulation. The Hadley
Cell strength in the Northern (Southern) Hemisphere is defined as the maximum (minimum) value of ¥ (i.e., ¥y
and Ws) at 500 hPa between 40°S—40°N (Caballero, 2007; Chemke & Polvani, 2019; Kang et al., 2013; Mitas &
Clement, 2005).

3. Theory

According to moisture mode and MVI theories (Adames Corraliza & Mayta, 2024; Ahmed et al., 2021; Mayta &
Adames, 2023; Mayta & Adames Corraliza, 2024; Mayta et al., 2022; A. H. Sobel et al., 2001), TD-type waves
should exhibit the following characteristics:

3.1. Propagation and Amplitude

For an idealized Hadley Cell on an f-plane in which precipitation (P) is a linear function of column water vapor
({g)), Adames Corraliza and Mayta (2024) found moisture modes that grow from MVI have a frequency (w,) and
growth rate (tw;) given by:

_ Bk
w, =uk £ 21[.1K2 2)
Pk
@i =* 21'?[(2 ®

where 7 is the background lower tropospheric wind, K = Vk* + [ is the horizontal wavenumber, k and / are the
zonal and meridional wavenumbers, respectively, 7. is the convective moisture adjustment timescale, which
describes the local sensitivity of precipitation (P) to water vapor (g) fluctuations (P = (¢)/z.), and

f oL@

3 oy 1+r “@

/}q:

is a measure of the strength of the mean meridional moisture gradient, where f = 2Qsing is the planetary
vorticity, S is the gross dry stability (Yu & Neelin, 1994), (g) is the mean column moisture, and r is the cloud-
radiative feedback parameter (Peters & Bretherton, 2005).

Given that the mean state is in WTG balance, vertical motion in the model is also predominantly dependent on
{q). As the mean vertical motion is associated with the Hadley Cell's mass streamfunction (‘¥), the growth rate of
the unstable moisture modes is related to the Hadley Cell and mean rainfall as follows (for a detailed derivation,
refer to Section S1 in Supporting Information S1):
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17,k
= [ 5
@i 2K2 ®)
where
oL,P i
F, = Puo_ JOLP S8 0¥ 6)
7, S ady Ap 0y?

Since § varies little in space and time over the tropics (not shown), and f* does not vary in time, F, is largely
determined by the background meridional moisture gradient and 7., which are in turn related to variability in ¥
and P.

3.2. Hadley Cell Instability Metric

As shown in Equation 5, since the wavenumbers do not vary in time, temporal variations of the growth rate from
MVI comes from F,. Therefore, we posit that a diagnostic metric based on F, can be used to diagnose TD-type
wave activity, referred to as the Hadley Cell instability metric. While F is by construction a constant in the linear
theory, the diagnostic form of F, will be calculated at every grid point. Hence, the diagnostic F, will vary in space
and time. F, can be either positive or negative, corresponding to instabilities on the poleward and equatorward
flanks of the mean rainfall, respectively.

3.3. Relation Between Moisture Variance and Eddy Moisture Flux

Under steady state, the zonally averaged eddy moisture flux ((v’ q' )) is assumed to be proportional to the zonally

averaged eddy moisture variance <(q’ )2) through the following relation:

(@'Y = (v'q") @)
where
W=_§%? ®)

is a proportionality timescale, and I, is the effective gross moist stability—a measure of the moist static stability of
the column—and primes denote TD-type wave-filtered variables. During the hemispheric summer, a shorter 7. and
decreased I', are expected, in association with stronger background convection. Additionally, the poleward
downgradient of background moisture weakens compared to winter (see Figure S1 in Supporting Information S1).
Therefore, we assume 7 to vary less than its individual contributions. As a result, a near-linear relation between

(q")? and (v'q’) is expected. Details on the derivation of Equation 7 are shown in Section S2 in Supporting
Information S1.

It is worth noting that a correlation between (g’)2 and (v/ ¢’ does not sufficiently indicate that TD-type waves are
instabilities associated with the lower branch of the Hadley Cell. Rather, we expect these quantities to be
correlated with each other and also be coherent with F,. Examining the relationship between W, (v'q"), and F,
is the goal of the next section.

4. Assessment From Reanalysis Data

4.1. Space-Time Spectrum of Column-Integrated Moisture

The suitability of the theory outlined here is first examined by comparing the dispersion relation in Equation 2 to
the global signal of TD-type waves. Figure 1 shows a space-time signal obtained by dividing the column
moisture's power spectrum by its red noise background (Wheeler & Kiladis, 1999). As expected, the strongest
signal occurs over the Northern Hemisphere during boreal summer, aligning with the dispersion lines
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Figure 1. Space-time signal-to-noise ratio of the symmetric component of column-integrated moisture over 10°N-25°N, for
(a) the June to November, (b) the December to May, and (c) the difference between summer and winter (a-b). (d—f) As (a—),
but over 10°S-25°S for (d) the December to May, (e) the June to November, and (f) the difference between summer and
winter (d—e). The x-axis shows westward-propagating zonal wavenumbers. The y-axis shows the frequency in cycles per day
(cpd). Dashed lines correspond to the tropical depression-type wave dispersion curves obtained from Equation 2 using % =5, 10,
and 17 ms~! and constants shown in Table S2 in Supporting Information S1, with line labels indicated in panel (a). Color
intervals are 0.1 in panels (a, b, d, and e) and 0.07 in panels (c, f), respectively.

corresponding to trade winds ranging from % = 5-17 ms~!. Wave activity in this hemisphere exhibits a pro-
nounced seasonality, as the signal nearly vanishes during boreal winter (Figures la—Ic). In the Southern
Hemisphere, the signal is strongest during austral summer for trade winds within 5 and 10 ms~! (Figure 1d).
During austral winter, the signal weakens and shifts toward faster speeds (Figures 1le and 1f), consistent with the
stronger trade winds seen during this season.

4.2. Coherence Between TD-Type Wave Activity and Instability Metric

Figure 2 shows a map of TD-type wave moisture variance (ofl = (L,q’ )2), TD-filtered eddy moisture fluxes, and
the Hadley Cell instability metric (F,). We see that TD variance is spatially collocated with a poleward eddy
moisture flux, in agreement with the theory. During boreal summer (Figure 2a), the local maxima occur over
10°N-30°N of the eastern Pacific, western Pacific, and Atlantic Ocean, the regions where TD-type wave activity
is strongest (e.g., Kiladis et al., 2006; Lau & Lau, 1990; Nitta et al., 1985; A. H. Sobel & Bretherton, 1999). Some
activity is also seen in the southern Indian Ocean and southwestern Pacific (5°S—20°S). During austral summer
(Figure 2b), the eddy moisture fluxes strengthen over the southern warm pool between 10°S and 30°S, whereas in
the Northern Hemisphere these fluxes weaken and shift closer to the equator. Variance near the equator may be
increased by other tropical waves (e.g., mixed Rossby—gravity waves; Kiladis et al., 2009). Figure 2 further
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Figure 2. Spatial distribution of the tropical depression (TD)-filtered eddy moisture flux (vectors; (u’L,q’'}i + (v'L,q' )},
the Hadley Cell instability metric (shadings; F, = — fS"dyLvﬁ, Equation 6), variance of TD-type wave-filtered column
moisture (black contours; og), and TD-filtered meridional eddy moisture flux (blue contours; (v/L,q’)), (a) during June—
November and (b) during December—May. Primes (/) denote TD-filtered variables. Contour interval is 2 x 10'3 J> m~ for 02.
Contours of (v/L,q’) represent values of +3.3 x 10° Wm™!. Solid (dashed) blue contours in the Northern (Southern)
Hemisphere indicate poleward flux. Shading interval is 1 X 10~'7 m~! s72. The reference vector has a magnitude

of 10 Wm™!,

reveals a coherence between TD-filtered moisture variance and F, as well as between poleward eddy moisture
flux and F,. The highest variability occurs on the poleward flank of the ITCZ, in regions of large F,. This
coherence is particularly pronounced in the Northern Hemisphere.

The relationships described above are summarized in Figure 3. We consider the 10°-30° latitude band to isolate
regions with the strongest TD-type waves and large positive F, during summer (refer to Figure 2). In both
hemispheres, the relation between TD moisture variance (02) and poleward eddy moisture flux ({(v'L,q’)) is
nearly linear, exhibiting a correlation of 0.96 in the Northern Hemisphere and 0.88 in the Southern Hemisphere
(Figures 3a and 3b), consistent with the assumptions of Equations 7 and 8. A significant linear correlation is also
observed between 02 and F,, in the Northern Hemisphere (y = 0.92, Figure 3¢). In the Southern Hemisphere, both
F, and O’; are smaller and the correlation is slightly weaker (y = 0.82, Figure 3d). The weakest ofl is observed
during the hemispheric winter, when negative F, appears over the 10°-30° oceanic latitude band (see also
Figure 2). These negative values reflect a weakening of the F}, values over the poleward edge of the ITCZ as well
as the equatorward displacement of extratropical rainfall. The ag also shows coherence with other measures of F,,
which relate to ¥ and vertical velocity (refer to Section S1 and Figure S2 in Supporting Information S1).
Comparable relationships emerge when analyzing TD-filtered curvature vorticity (see Section S3, Figures S3 and
S4 in Supporting Information S1). These findings suggest that the stronger TD-type waves in the Northern
Hemisphere are associated with the larger instabilities evident in that hemisphere, as indicated by F,. In Section
S4 in Supporting Information S1 we show that these results are robust to the removal of the seasonal cycle,
indicating that (v'L,q"), 03, and F, covary at interannual timescales (Figure S5 in Supporting Information S1).

4.3. Linking TD-Type Variability With the Hadley Cell

Up to this point, we have demonstrated that TD-type waves are consistent with viewing them as instabilities of the
Hadley Cell. However, we have yet to relate their variability to the strength of the Hadley Cell itself. In Figures 3e
and 3f, 02 is compared with the Hadley Cell's strength (W and Ws, Section 2.4), revealing correlations of —0.70 in
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Figure 3. Scatterplots of monthly averages of tropical depression (TD)-filtered meridional eddy moisture flux ((v'L,q"))
versus TD-filtered column moisture variances (031), averaged over all longitudes and over (a) 10°N-30°N and (b) 10°S-30°S.
Primes (/) denote TD-filtered variables. As (a, b), but (c, d) for the Hadley Cell instability metric (—fS_1 dVLVF) Versus 03 and (e,
f) for Hadley Cell strength (Equation 1) versus ag. The colored dots represent individual periods as follows: December—May
(DJFMAM, blue) and June-November (JJASON, orange). Numbers denote the monthly climatology from month 1 to 12.
Values in the top corner are correlation coefficients (y) and p-values. Dash lines are 0m~! s72.

the Northern Hemisphere and —0.73 in the Southern Hemisphere. This anticorrelation arises because the Hadley
Cell narrows as it weakens during summer (Pikovnik et al., 2022; Schneider et al., 2010), which in turn is
associated with a large 0§T (i.e., a large F; in Equation 6; refer to Figure S6 in Supporting Information S1). We
further find that in the Northern Hemisphere, the highest values of ag lag the lowest values of Wy by a month. The
one month lagged correlation is —0.91. This one month lag indicates that ¥ reaches a minimum value before the
Hadley Cell is at its narrowest. Nonetheless, F attains a maximum value when the Hadley Cell is at its narrowest,
implying a stronger meridional precipitation gradient and larger TD-type wave variability.

5. Insights From Climate Models

In this section, we assess whether the climate models can simulate the interaction between the TD variability and
instability metric. We perform the same analysis as presented in Figures 3a—3d for 39 CMIP6 models and
summarize their correlation coefficients in Figure 4. In the Northern Hemisphere (Figure 4a), all models exhibit a
high correlation coefficient between af] and (v'L,q") associated with TD-type waves, ranging from 0.87 to 0.97,
with a multi-model mean of 0.94 & 0.02. The simulated TD-type waves also exhibit a strong response to F;,, with
an average correlation of 0.86 = 0.06. Relatively low correlations observed in IPSL-CM6A-LR and IPSL-
CMO6A-LR-INCA are likely due to their unrealistically weak simulations of easterly waves (Vargas Martes
et al., 2025). In the Southern Hemisphere (Figure 4b), 03 also shows a strong correlation with (v/L,q"), with a

multi-model mean of 0.90 = 0.02. The correlation between afl and F, is consistently above 0.8 across all models
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Figure 4. Correlation coefficients between tropical depression (TD)-filtered moisture variance and poleward eddy moisture
flux (65 and (v'L,q’); diamond markers), and between TD-filtered moisture variance and F, = — fS’layva (cross
markers), for the (a) Northern Hemisphere and (b) Southern Hemisphere, summarizing the analysis as shown in Figures 3a-3d,
but for ERAS and 39 CMIP6 models. Error bar represents one standard deviation of model results.

included, yielding a multi-model mean of 0.90 + 0.02. Similar results are also seen in models when considering
definitions of F, based on vertical velocity or ¥ (Figure S7 in Supporting Information S1).

The strong coherence between TD-type variability and instability metric is evident in most models. This leads to
the question of whether models with higher F, values simulate stronger wave variability. To assess this, we
perform an intermodel comparison of instability metric and wave activity, presented in Figure 5. Values of models
and reanalysis are averaged over specific regions and seasons: Northern Hemisphere (10°N-30°N, June—
November) and Southern Hemisphere (10°S-30°S, December—May). Figure 5a shows a significant correlation
between TD variance and (v’ L,q’) in the Northern Hemisphere (y = 0.90). A similar relation is also seen in the
Southern Hemisphere (y = 0.73, Figure 5b). Eddy moisture flux is well-correlated with F in the Northern
Hemisphere (y = 0.55, Figure 5c). Over the Southern Hemisphere, the association between (v’ L,q’) and F is not
statistically significant (Figure 5d). Interestingly, we find correlations that are higher and statistically significant
in this hemisphere if we use definitions of F, based on vertical velocity and ¥ instead (see Figure S8 in Supporting
Information S1). Nonetheless, all examined relations for (v/L,q’) and F, are statistically significant according to
their rank correlations, suggesting that models with higher F; tend to simulate stronger TD-type wave activity.
Similar results to those shown in Figure 5 and Figure S8 in Supporting Information S1 are found when we
compare ag and F, although the correlations are lower (Figure S9 in Supporting Information S1). The uncertainty
in the Southern Hemisphere likely stems from the relatively weak TD-type wave variability (Hollis et al., 2024)
and potentially unrealistic rainfall simulations in that hemisphere (Brown et al., 2013; Liu & Grise, 2023). It is
also possible that Southern Hemisphere TD-type wave variability is more closely connected with extratropical
forcing, which is strong year-round.

6. Summary and Conclusions

This study aimed to determine whether TD-type waves grow from instabilities associated with the Hadley Cell,
following the theoretical framework proposed by Adames Corraliza and Mayta (2024). To address this hy-
pothesis, we posed two key questions, the answers to which are summarized below.
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Figure 5. Scatterplots of (a) (v/L,q’) versus 62 and () F, = —fS’layLVF versus (v'L,q"), for ERAS5 and 39 CMIP6
models, averaged over the Northern Hemisphere (10°N-30°N) from June to November. As (a, ¢), but (b, d) averaged over the
Southern Hemisphere (10°S-30°S) from December to May. Values in the top-left corner are correlation coefficients (y) and
Spearman's rank correlation coefficient (rank y), based on results from 39 models. Bold values indicate correlations significant
at the 95% confidence level (p-value <0.05). The Southern Hemisphere's axis values are smaller than those of the Northern
Hemisphere.

Q1: How is the TD-type wave variability linked to the Hadley Cell?

Consistent with theory (Adames Corraliza & Mayta, 2024), the strength of TD-type wave variability is correlated
with a Hadley Cell instability metric defined as F, (Figures 2 and 3), a diagnostic quantity closely tied to the
combined effects of the mean meridional moisture gradient and the sensitivity of rainfall to moisture fluctuations,
which in turn links to the background precipitation and the Hadley Cell's streamfunction. The maximum
amplification of TD-type waves occurs when the Hadley Cell is at its most weak and narrow, coinciding with peak
F, values (Figure 3 and Figure S6 in Supporting Information S1). The observed stronger TD-type wave intensity
in the Northern Hemisphere (Hollis et al., 2024) can be attributed to the larger F, in this hemisphere. Thus,
according to moisture mode/MVI theory, the Northern Hemisphere is more unstable to TD-type variability than
the Southern Hemisphere. This consistency is further supported by the seasonality of TD-filtered curvature
vorticity (see Section S3 in Supporting Information S1). Beyond the seasonal cycle, we find that F, also in-
fluences the interannual variability of TD-type waves (refer to Section S4 in Supporting Information S1 for
further discussion).

Q2: To what extent can global climate models reproduce this association?

All climate models analyzed in this study consistently capture the correlation between TD-type wave variability
and F, in both hemispheres (Figure 4). Furthermore, a multi-model comparison reveals that stronger TD-type

activity during the Northern Hemisphere summer is associated with more intense Fj, highlighting the
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importance of F for realistic simulations (Figure 5). Although weaker, a similar association is also detected in the

Southern Hemisphere.

While this study documents an association between TD-type waves and the Hadley Cell, some issues remain open
for future investigation. The mean meridional moisture gradient poleward of the ITCZ is weakest during summer
(Figure S1 in Supporting Information S1), although the precipitation gradient is strongest. This implies that the
large instability seen during summer is a result of a higher sensitivity of rainfall to column moisture (shorter z.), as
expected from the empirical precipitation-moisture relation (Bretherton et al., 2004). Although this result can be
interpreted using existing theory (Ahmed et al., 2020; Emanuel, 2019), it has not been tied to the Hadley Cell or
TD-type wave. More work is needed to understand precipitation sensitivity to moisture and its relation to the
tropical variability, the mean circulation, and convective parameterizations. On the other hand, model biases—
such as uncertainties in warm pool size or the presence of a double ITCZ (Liu & Grise, 2023; Tian &
Dong, 2020)—could alter the horizontal gradient of the ITCZ rainfall, thereby affecting Hadley Cell instability
metric. It is therefore worth assessing how these biases influence both the instability mechanism and the simu-
lation of tropical disturbances.

The results of this study can help clarify the role of TD-type waves in the tropical circulation. Existing evidence
suggests that TD-type waves contribute to ITCZ breakdown (Bembenek et al., 2021; Nieto Ferreira & Schu-
bert, 1997) and are linked to convective aggregation-disaggregation cycles (Tompkins et al., 2024). How the
framework proposed here integrates with these existing mechanisms remains to be explored.

These results also provide insights into how TD-like waves may respond to a warming climate. While previous
studies have examined these waves in specific locations (Huangfu et al., 2022; Sandeep et al., 2018), a
comprehensive global assessment has not been conducted. The proposed theoretical framework can be further
tested using idealized experiments to understand how TD-type waves are represented across different climate
models. In addition, the interannual correlation between F, and TD-type wave activity shown in Figure S5 in
Supporting Information S1 suggests that the framework may help explain the modulation of TD-type waves by
phenomena such as the MJO and El Nifio (Huang & Huang, 2011; Rydbeck & Maloney, 2015). All of these
represent potentially insightful directions for future research.

Data Availability Statement

ERADS reanalysis data was accessed and downloaded through Copernicus Climate Change Service Climate Data
Store (Hersbach et al., 2023). We downloaded the CMIP6 model simulation outputs from the Lawrence Liver-
more National Laboratory (https://esgf-node.llnl.gov/search/cmip6, accessed on 31 July 2022) and the Deutsches
Klimarechenzentrum (https://esgf-metagrid.cloud.dkrz.de/search/cmip6-dkrz/, accessed on 20 July 2024).
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