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ABSTRACT: Observations of column water vapor in the tropics show significant variations in

space and time, indicating that it is strongly influenced by the passage of weather systems. It is

hypothesized that many of the influencing systems are moisture modes, systems whose thermo-

dynamics are governed by moisture. On the basis of four objective criteria, results suggest that

all oceanic convectively-coupled tropical depression-like waves (TD-waves) and equatorial Rossby

waves are moisture modes. These modes occur where the horizontal column moisture gradient

is steep and not where the column water vapor content is high. Despite geographical basic state

differences, the moisture modes are driven by the same mechanisms across all basins. The moist

static energy (MSE) anomalies propagate westward by horizontal moisture advection by the trade

winds. Their growth is determined by the advection of background moisture by the anomalous

meridional winds and anomalous radiative heating. Horizontal maps of column moisture and 850

hPa streamfunction show that convection is partially collocated with the low-level circulation in

nearly all the waves. Both this structure and the process of growth indicate that the moisture modes

grow from moisture-vortex instability. Lastly, space-time spectral analysis reveals that column

moisture and low-level meridional winds are coherent and exhibit a phasing that is consistent with

a poleward latent energy transport. Collectively, these results indicate that moisture modes are

ubiquitous across the tropics. That they occur in regions of steep horizontal moisture gradients and

grow from moisture-vortex instability suggests that these gradients are inherently unstable and are

subject to continuous stirring.

2
$FFHSWHG�IRU�SXEOLFDWLRQ�LQ�Journal of Climate.�D2I�10.1175/JCLI-D-23-0145.1.�DCF!"E�EC�+CF�:+�5/���2��4��0��7���0/��/��

��0/�I�5B�FE" BE#��E ��I�
C*BAC�� �� �������� �	���1��54�



SIGNIFICANCE STATEMENT: Over the tropics, column water vapor has been found to be

highly correlated with precipitation, especially in slowly-evolving systems. These observations

and theory support the hypothesis that moisture modes exist, a type of precipitating weather system

that does not exist in dry theory. In this study, we found that all oceanic tropical depression-like

(TD-like) waves and equatorial Rossby waves are moisture modes. These systems exist in regions

where moisture varies greatly in space, and they grow by transporting air from the humid areas of

the tropics toward their low-pressure center. These results indicate that the climatological-mean

distribution of moisture in the tropics is unstable and is subject to stirring by moisture modes.
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F��. 1. Annual mean distribution of column-integrated water vapor (h@i). The black whirls denote tropical

eddies that stir h@i in the tropics, behaving as a tropical analog to mid-latitude eddies (white whirls).

1. Introduction

The tropical belt (⇠25�S to 25�N) is characterized by weak spatial and temporal variability of

temperature (e.g., Charney 1963; Sobel and Bretherton 2000; Sobel et al. 2001). In contrast,

the tropics show a large variability of column water vapor (Fig. 1) that strongly influences

the distribution of precipitation (Bretherton et al. 2004). These features lead to one important

consequence: the existence of the so-called “moisture modes”. Moisture modes can be defined as

a type of tropical motion where water vapor plays a central role in its dynamics. The term moisture

modes was initially introduced in Yu and Neelin (1994) to refer to a kind of wave characterized by

a large humidity signal. The early conception of moisture modes by Sobel et al. (2001) revealed

these systems to be akin to Rossby waves that propagate due to the horizontal advection of the

background moisture gradient by the anomalous winds. Since the core dynamics of moisture

modes lie in the interaction between moisture and convection, they are a type of tropical motion

that is distinct from the dry equatorial waves of Matsuno (1966).

With its distinct space-time spectral signature, the Madden-Julian Oscillation (Madden and Julian

1972) was the first tropical phenomenon hypothesized to be a moisture mode (e.g., Raymond and

Fuchs 2009; Sobel and Maloney 2012; Adames and Kim 2016; Zhang et al. 2020). The majority of

applications of the so-called “moisture mode theory” has since focused on the MJO. More recent
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studies have suggested that other tropical motions can be moisture modes as well (Gonzalez and

Jiang 2019; Adames et al. 2019; Inoue et al. 2020). More recently, Adames (2022) suggested that

two types of moisture modes exist: (i) equatorial moisture modes such as the MJO (Raymond

et al. 2009; Adames and Kim 2016; Jiang et al. 2018; Zhang et al. 2020) and equatorial Rossby

waves (Gonzalez and Jiang 2019; Inoue et al. 2020; Mayta et al. 2022); and (ii) off-equatorial

moisture modes such as Pacific easterly waves and monsoon low-pressure systems (Serra et al.

2008; Rydbeck and Maloney 2015; Diaz and Boos 2021).

However, what constitutes a moisture mode? Ahmed et al. (2021) and Mayta et al. (2022)

proposed three criteria to identify moisture modes: their moisture anomalies must dominate the

distribution of moist static energy (MSE) and are in phase with the precipitation anomalies, and the

thermodynamic equation must be in WTG balance. By using the aforementioned criteria, Mayta

et al. (2022) found that moisture modes exist outside the warm pool region. They documented that

the slow-propagating equatorial Rossby wave over the Western Hemisphere satisfies all conditions

to be considered a moisture mode, in agreement with the scale analysis of Adames (2022). More

recently, Mayta and Adames (2023) documented the existence of the second moisture mode over the

Western Hemisphere, TD-like waves. Vargas-Martes et al. (2023) found that east Pacific easterly

waves also satisfy all the criteria to be referred to as moisture modes, while African easterly waves

(AEWs) do not. A case study of a developing AEW by Núñez Ocasio and Rios-Berrios (2023)

also found that they did not satisfy the criteria to be called moisture modes. Thus, it appears that

only oceanic TD-like waves behave like moisture modes. The structural features of the Western

Hemisphere equatorial Rossby wave are akin to an equatorial moisture mode, while the features of

Atlantic TD-like waves are akin to off-equatorial moisture modes.

While the western hemisphere equatorial Rossby wave shares many of the features of its dry

shallow water counterpart (Matsuno 1966), the processes responsible for its propagation and

growth are different. Rather than propagating westward through the beta effect, the trade winds

are responsible for the westward propagation of the Western Hemisphere equatorial Rossby wave.

Advection of background-mean MSE by the anomalous meridional winds contributes to its growth

(Mayta et al. 2022). This type of growth was initially documented in the balanced moisture waves

of Sobel et al. (2001) and was later referred to as moisture-vortex instability (MVI, Adames and

Ming 2018a; Adames 2021) or the rotational stratiform instability by Russell et al. (2020). Similar
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results were found by Gonzalez and Jiang (2019) for western Pacific equatorial Rossby waves.

Thus, these equatorial Rossby waves behave in a manner that is more consistent with moisture

mode theory, and not following dry shallow water theory with a reduced equivalent depth, as

discussed by Mayta et al. (2022). Similar results were also found by Ahmed et al. (2021) and

Ahmed (2021).

Given that slowly-propagating waves exist throughout the tropics, and that MVI only requires a

meridional MSE gradient and coupling between moisture and precipitation, we hypothesize that

most observed oceanic TD-like waves and equatorial Rossby waves are moisture modes (Fig. 1).

This possibility leads to the main questions of this study:

Q1: Are moisture modes common throughout the tropics?

Q2: If so, where are they most common?

Q3: Is moisture vortex instability the main destabilization mechanism of moisture modes world-

wide?

The paper is organized as follows. Section 2 provides a description of the datasets and analysis

methods. A brief introduction of the moisture vortex instability (MVI) is offered in Section 3.

In Section 4, we elucidate the horizontal structure of TD-like and equatorial Rossby waves and

their associated convection on the basis of a linear regression analysis. Section 5 examines the

governing thermodynamics for all disturbances. In Section 6, we investigate vortex stretching in

moisture waves. Section 7 involves a thorough analysis of the MSE budget for each wave type.

The assessment of poleward eddy moisture fluxes is presented in Section 8. Finally, a summary

and discussion are given in section 9.

2. Data and Methods

a. Satellite CLAUS brightness temperature and Reanalysis dataset

Satellite-observed brightness temperature ()1) has long served as a proxy for tropical convection

and we used it in this study. The data is obtained from the Cloud Archive User System (CLAUS)

satellite data (Hodges et al. 2000), which has eight-times-daily global fields of )1 from July

1983 to June 2009 and extended through 2017 using the Merged IR dataset from NOAA. For
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dynamical and thermodynamical characteristics associated with TD-like and equatorial Rossby

waves, atmospheric variables from the fifth reanalysis of the European Centre for Medium-Range

Weather Forecasts (ECMWF) [ERA5; Hersbach et al. 2019] data are used. The temporal resolution

is six hours, the spatial resolution is 0.5� ⇥ 0.5� in longitude and latitude, and 27 layers ranging

from 1000 to 100 hPa for the 36-yr period 1984 through 2015.

b. Wave-type filtering, EOF calculation, and regressions

T���� 1. Region chosen for the thermodynamic analyzes associated with the TD-like and equatorial Rossby

waves. To investigate TD-like waves and equatorial Rossby waves, EOFs are calculated over the region of

maximum variance across the tropics (Fig. 3). The variance explained in % by the two leading patterns (PC1

and PC2) is also shown in the last two columns.

Wave Region Base point/Domain PC1 PC2

TD-like Atlantic [AT] 0�–20�N, 70�W–10�W 10.9% 10.6%

Eastern Pacific [EP] 0�–20�N, 130�W–80�W 12.8% 12.7%

Western Pacific [WP] 0�–20�N, 110�E–180� 11.1% 11.0%

Indian Ocean [IO] 0�–20�N, 70�E–100�E 19.4% 18.1%

Atlantic [AT] 5�S–25�N, 125�W–0� 13.4% 12.8%

Equatorial Rossby Western Pacific [WP] 25�S–25�N, 110�E–150�W 14.7% 11.6%

Indian Ocean [IO] 20�S–25�N, 50�E–110�E 7.9% 6.9%

This work uses filters based on spatiotemporal Fourier decomposition documented in Wheeler

and Kiladis (1999) and uses the same frequency wavenumber domain described in previous studies

(e.g., Kiladis et al. 2009; Feng et al. 2020). This is achieved in the wave number-frequency domain

by retaining only those spectral coefficients within a specific range corresponding to the spectral

peaks associated with TD-like and equatorial Rossby waves. )1 is filtered using a fast Fourier

transform retaining wavenumbers : = �20 to 0 and periods between 10 and 96 days for equatorial

Rossby waves as in Mayta et al. (2022). For TD-like waves, wavenumbers : = �20 to -5 and

periods between 2.5 and 10 days are considered.

EOFs are calculated using the covariance matrix of filtered)1 over different domains described in

Table 1. Then, analysis is based on linear regressions following a similar procedure from previous

works (Kiladis et al. 2016; Snide et al. 2022; Mayta and Adames 2023). Briefly, the principal

component (PC) time series of the first EOF mode for the TD-like and equatorial Rossby waves are

used to calculate the linear regression. The dynamical fields associated with each corresponding
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wave are obtained by projecting unfiltered reanalysis fields at each grid point onto the associated

time series. The perturbations are scaled to one standard deviation of the corresponding PC

perturbation. Finally, the statistical significance of these results is assessed based on a two-tailed

Student’s t-test that takes into account the correlation coefficients and an effective number of

independent sample (degrees of freedom) based on the decorrelation timescale (Livezey and Chen

1983).

c. Diagnostic Criteria

In this study, we apply the criteria documented in previous studies ( e.g., Sobel and Bretherton

2003; Adames et al. 2019; Ahmed et al. 2021), and unified in Mayta et al. (2022) to investigate

whether all the equatorial Rossby and TD-like waves satisfy the conditions to be considered as

moisture modes. Following Mayta et al. (2022), the four criteria proposed to identify moisture

modes can be summarized as follows:

C1: The wave must exhibit a large moisture signature that is highly correlated with the precipitation

anomalies. For a tropical system to be considered a moisture mode, its signature in column

water vapor (h@0i) must be large enough to significantly modulate surface precipitation (%0)

as follows,

h@i0 / %
0 (1)

where h·i ⌘ 1
6

Ø 1000
100 (·)3? represents integration from 1000 to 100 hPa, and prime 0 represents

the regressed anomalies. This results in a strong correlation (⇠0.9 rounded) between %
0

and h@i0, because in moisture modes column water vapor should largely explain the rainfall

variance, defined as at least 80% in Mayta and Adames (2023).

C2: The wave must satisfy WTG balance at the leading order. The WTG approximation in the

column-integrated dry static energy (DSE) budget can be expressed as:

r · hBvi0 ' h&1i0 (2)
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where B = ⇠?) +q, v = Di+ Ej is the horizontal vector wind field. h&1i0 ' h&Ai0+ !E%
0+ (�0

is the apparent heating rate and can be estimated as in Mayta et al. (2022), where &A is

the column radiative heating rate, (� is the surface sensible heat flux, and !E is the latent

heat of vaporization (2.5⇥ 106 J kg �1). Considering that spatial and temporal variations in

temperature are small over tropics, the left hand of Eq. (2) is equivalent to lm?B.

On their own, C1 and C2 may be considered sufficient conditions to determine whether a system

is a moisture mode. However, C2 can indicate that h&0
1i is very large, and not that temperature

fluctuations are negligibly small. As a result, we may have systems that satisfy C2 in which

temperature plays a comparable role to moisture in their thermodynamics. Adames (2022) showed

that such systems are possible, and referred to them as mixed systems. Thus, additional criteria

are necessary to confirm that the temperature fluctuations are indeed negligible comparable to the

moisture anomalies:

C3: Thermodynamic variations in the wave must be dominated by moisture. Moisture modes occur

when moisture governs the distributions of anomalous MSE:

h<i0 ⇡ !E h@i0 (3)

where < = B+ !E@ is the moist static energy (MSE).

C4: N<>34. This dimensionless parameter can quantify the relative importance of moisture versus

temperature to any wave type and can be estimated following Adames et al. (2019):

N<>34 '
2

2
?
g

2
2
g2

(4)

where 2 is the phase speed of a first baroclinic free gravity wave (2 ' 50 <B
�1), 2? is the phase

speed of the wave, g2 is the convective moisture adjustment time scale, defined as a measure

of the sensitivity of precipitation to changes in moisture (Betts 1986), and g = _/2? is the

temporal time scale with _ being the wavelength. When N<>34 ⌧ 1, moisture governs the

thermodynamics of a wave, resulting in moisture modes; but if N<>34 � 1 the thermodynamics

of a wave are predominantly driven by temperature fluctuations, as in gravity waves. When

N<>34 ⇡ 1 the wave will exhibit both moisture mode and gravity wave behavior.
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Moisture mode growth through moisture-vortex instability driven by meridional moisture advection
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F��. 2. Schematic depiction of the structure of a moisture mode that grows from moisture vortex instability

(MVI). (a) Longitude-height view of the system. (b) Latitude-height cross-section of the rightmost portion of

the panel (a). In panel (a), clouds denote the region of active precipitation, the thick line with arrows denotes

the horizontal circulation, and the thinner solid contours denote anomalous southerly winds while the dashed

contours denote the anomalous northerlies. In panel (b), the dashed contours denote the mean easterlies while

the arrow shows the direction of anomalous moisture. In both panels, the background shading describes the

humidity.

3. Moisture-vortex instability

As discussed by Adames and Ming (2018a) and Adames (2021), MVI is the result of interactions

between large-scale moistening driven by moisture and temperature advection, convection, and the

wave’s circulation. While MVI is not an instability that can occur strictly in moisture modes, solely

focusing on these systems yields a simpler interpretation of this process.

Figure 2 shows the structure of a moisture mode that grows from MVI. The wave is characterized

by an anomalous low-level cyclone with lower tropospheric northerlies to its west and easterlies to

its east (Fig. 2a). In most regions of the northern hemisphere tropics, the northerlies will advect

dry air and the southerlies moist air as a result of the climatological-mean MSE gradient (Fig. 2b).

Thus, moistening occurs to the east of the wave axis and drying occurs to the west. Precipitation

does not occur where the moistening is a maximum. Rather, it occurs where the anomalies in

column-integrated water vapor are the largest. This distinction is crucial to MVI: there is a delay

between the large-scale moistening and the precipitation, allowing convection to develop closer to

10

$FFHSWHG�IRU�SXEOLFDWLRQ�LQ�Journal of Climate.�D2I�10.1175/JCLI-D-23-0145.1.
�DCF!"E�EC�+CF�:+�5/���2��4��0��7���0/��/��

��0/�I�5B�FE" BE#��E ��I�
C*BAC�� �� �������� �	���1��54�



F��. 3. Geographical distribution of the variance of (a) TD-like and (b) equatorial Rossby wave-filtered CLAUS

)1 for all seasons. Shading intervals in K2 are shown at the bottom of the plot. Contours in both panels indicate

the all-season mean of total column water vapor.

the vortex center. In the case of the wave shown in Figure 2, the convection will be a maximum

slightly to the east of the vortex center. Vortex stretching arising from the convection will result in

eastward propagation relative to the prevailing easterly winds, as well as vortex amplification.

In summary, systems that grow from MVI should exhibit the following features:

F1: A high coherence between anomalous moisture and precipitation (moisture mode criterion

C1).

F2: Lower tropospheric convergence must have an in-phase component with the lower-

tropospheric streamfunction, implying growth from vortex stretching.

F3: Advection of mean moisture by the anomalous winds must contribute to the growth of the

moisture anomalies.

All of these features are examined in the following sections.
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4. Large-scale features of the TD-like and Equatorial Rossby waves

a. Filtered variance of TD-like waves and Equatorial Rossby waves

Figure 3 shows a map of)1 variance filtered to retain TD-like and equatorial Rossby wave activity

only. The variance maps show that the maximum activity of both TD-like and equatorial Rossby

waves occurs in off-equatorial regions where the column moisture gradient is steep rather than

where column moisture is the largest. Such a result indicates that these waves occur in regions

where MVI is possible, a possibility that is examined below. The preference for strong meridional

moisture gradients is evident in the correlations between filtered )1 and column moisture and

column moisture meridional gradient, respectively, as shown in Table A1. We also argue that

the off-equatorial nature of moisture modes arises from the need for a planetary vorticity that is

substantially larger than zero in magnitude.

Based on this variance map, we will perform EOF analysis in four regions where TD-like

activity is a maximum. As shown in Table 1, these regions are located in the Atlantic, eastern

Pacific, western Pacific, and the Indian Ocean. For the equatorial Rossby waves, EOF analyses

are performed in three regions considering the maximum variance of the equatorial Rossby wave

shown in Fig. 3. The regions are the eastern Pacific-Atlantic basin, the western Pacific, and the

Indian Ocean (Table 1).

b. TD-like waves across the tropics

Before examining the moist thermodynamics of TD-like waves, we first investigate variations in

the TD-like wave life cycle as a function of geographical variations. Figure 4 shows the horizontal

structure of the 850-hPa circulation projected onto PC1 TD-filtered )1 over different regions at

lag day 0. Table 1 summarizes the different regions considered for EOF calculation based on the

maximum variance observed in Fig. 3a.

For the TD-like wave over the Atlantic region, PC1 and PC2 together explain about ⇠20% of

the filtered variance and describes the wave activity over western Africa and tropical Atlantic

region (Fig. 4a). The circulation pattern associated with this disturbance closely resembles those

previously documented over Africa and the Atlantic Ocean (e.g., Kiladis et al. 2006). Over

the Atlantic region, these waves propagate at ⇠8.6 m s�1. Similar structure and phase speed
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[AT]

[EP]

[IO]

[WP]

a)

b)

c)

d)

F��. 4. Anomalous column moisture (shading), 850 hPa streamfunction (contours), and 850 hPa winds

(vectors) regressed onto PC1 TD-like wave-filtered )1 on day 0 in different oceanic regions of the tropics: (a)

Atlantic ([AT]; 0�–15�N, 60�W–0�), (b) Eastern Pacific ([EP]; 5�N–20�N, 120�W–80�W), (c) Western Pacific

([WP]; 0�–15�N, 110�E–160�E), and (d) Indian Ocean ([IO]; 0�–15�N, 70�E–100�E). All fields are scaled to

one standard deviation PC perturbation of the TD-like wave. Streamfunction contour interval is 1.0⇥106 m2 s�1,

with negative contours dashed. Shading and contours indicate regions significant at the 95% level. Wind vectors

are plotted only where either the D or E component is significant at the 99% level or greater.
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were documented recently in Mayta and Adames (2023) by using principal component analysis

calculated in a broader region.

Figure 4b presents the circulation features for TD-like waves over the eastern Pacific. Despite the

circulation and convection evolution being shown throughout the entire year, the observed structure

closely resembles those Pacific easterly waves documented in many previous works (Serra et al.

2010; Rydbeck and Maloney 2014, 2015; Huaman et al. 2021). Positive anomalies of moisture

moves into the trough as the wave propagates toward the west (Fig. 4b). As the waves propagate

westward at about 7.3 m s�1, the wave shows the characteristic southwest-northeast tilt, similar to

the TD-like waves over the Atlantic region. Such a tilt implies that barotropic energy conversions

may play a role in these systems (e.g., Rydbeck and Maloney 2014).

The leading pair of PCs of filtered )1 over the western Pacific explain ⇠22% of the total filtered

variance. Fig. 4c shows the evolution of the horizontal structure of TD-like wave at 850 hPa

level. At this level, alternating cyclonic and anticyclonic gyres are observed within the positive

and negative columns of water vapor anomalies, respectively. This higher column moisture is also

collocated closer to the center of the trough or low-pressure, consistent with the MVI’s feature F2

described in Section 3. Northwestward propagation can be inferred from the equatorial western

Pacific toward the Philippines Sea and southeastern China as documented in previous studies (e.g.,

Lau and Lau 1990; Kiladis et al. 2009; Feng et al. 2020). The wave propagates at about 5.8 m s�1,

slightly slower than the TD-like waves over other regions. This is likely because of the weaker

mean flow advection in this region, which is the dominant component of the phase speed and group

speeds of these TD-like disturbances (e.g., Sobel and Horinouchi 2000).

Fig. 4c shows the regressed horizontal structure by using PC1 of filtered)1 over the Indian Ocean,

which explains about 20% of the variance. The anomalous anticyclone is followed by cyclonic

gyres coupled with positive column water vapor anomalies (Fig. 4d). The enhanced moisture

and circulation show its maximum amplitude around the Bay of Bengal and dissipates as the wave

propagates toward the west-northwest at about 7.2 m s�1. The horizontal structure presented in

Fig. 4d closely resembles those previously documented for Indian monsoon low-pressure systems

(e.g., Hunt et al. 2016; Adames and Ming 2018b; and references therein).
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a)

b)

c)

[AT]

[WP]

[IO]

F��. 5. As in Fig. 4, but regressed onto PC1 equatorial Rossby wave at lag day 0. EOFs were computed in

different regions of the tropics: (a) Atlantic ([AT]; 5�S–25�N, 125�W–0�), (b) Western Pacific ([WP]; 25�S–25�N,

110�E–150�W), and (d) Indian Ocean ([IO]; 20�S–25�N, 50�E–110�E). All fields are scaled to one standard

deviation PC perturbation of the equatorial Rossby wave. Streamfunction contour interval is 2.0⇥106 m2 s�1,

with negative contours dashed. Shading and contours indicate regions significant at the 95% level. Wind vectors

are plotted only where either the D or E component is significant at the 99% level or greater.

c. Equatorial Rossby waves across the tropics

Figures 5a to 5c display the horizontal structure of the 850-hPa circulation projected onto PC1

of the equatorial Rossby wave.

For equatorial Rossby over the Atlantic region, PC1 and PC2 together explain 25% of the filtered

variance and represent the equatorial Rossby wave activity over the tropical Atlantic and the Eastern
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Pacific, in agreement with the geographical distribution of the maximum annual-mean equatorial

Rossby variance (Fig. 3b). A detailed description of all features of this wave over the Western

Hemisphere is documented in Mayta et al. (2022).

Equatorial Rossby waves over the west Pacific warm pool are presented in Fig. 5b. Over this re-

gion PC1 and PC2 together explain 26% of the filtered variance. The predominant zonal wavenum-

ber of the circulation at this level is around : = 4–5. The characteristic cyclonic pair (stronger in

the northern hemisphere) is apparent with circulation and convective features propagating west-

ward at a phase speed of 5.9 m s�1. Despite the circulations being more equatorially-trapped like

the theoretical wave structure, there is some indication of connections to the extratropics in both

hemispheres. Similar features of this wave were documented in previous studies (e.g., Wheeler

et al. 2000; Kiladis et al. 2009; Gonzalez and Jiang 2019).

Over the Indian Ocean region, PC1 and PC2 together explain 15% of the filtered variance.

Overall, the wave structure varies according to the season (not shown), but Fig. 5c is representative

of the annual-mean equatorial Rossby wave. Unlike other tropical regions, the positive anomalies of

column water vapor and circulation features closely resemble the theoretical Rossby wave structure

over the Indian Ocean (Matsuno 1966). A quasi-symmetric pair of cyclonic gyres are clearly

visible in Figure 5c. In addition, an equatorial easterly wind perturbation to the east of the region

of maximum convection resembles the Kelvin response to equatorial heating (Gill 1980). Over the

Indian Ocean, equatorial Rossby waves are sufficiently long-lasting and propagate slowly enough

(at about 3.9 m s�1, see Table 3) to force a “Gill-type” response, as in the MJO.

5. Governing thermodynamics

We now examine criteria C1 to C3 by constructing scatterplots as shown in Fig. 6. For C1 the

slope of the linear fit gives the value of the convective moisture adjustment time scale (g2 = h@0i/%0).

Previous studies have found that g2 varies from 6 to 24 h over the rainy regions of the tropics (e.g.,

Betts and Miller 1993; Bretherton et al. 2004; Sobel and Maloney 2012; Jiang et al. 2016; Adames

and Kim 2016). In addition, Adames et al. (2019) suggested that g2 must be longer than 12 h

(0.5 days) to guarantee a large moisture signature in moisture modes (see their Fig. 3), which is

also seen in this work. The values of g2 and the correlation coefficient for TD-like and equatorial

Rossby waves over different tropical regions are summarized in Table 2. The results show that
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F��. 6. Scatterplots of (a) %0 vs h@i0, (b) r · hBvi0 vs h&1i0, and (c) h<i0 vs h!E@i0 for the TD-like wave (top)

and equatorial Rossby wave (bottom). The shading represents the base-10 logarithm of the number of points

within 0.1 mm ⇥ 0.1 mm bins in (a), 2.5 W m�2 ⇥ 2.5 W m�2 bins in (b), and 2.0⇥105 J m�2 ⇥ 2.0⇥105 J

m�2 bins in (c). Anomalies are obtained by regressing all fields against PC1 time series of TD-like waves over

Western Pacific (top) and equatorial Rossby waves over the Indian Ocean region (bottom). The domain chosen

for the criteria calculation is shown in Table 2. The linear fit obtained from linear least squares fit is shown as a

solid black line. The slope of the linear fit and the correlation coefficient are shown in the top-left of each panel.

TD-like waves pass the first criterion in our four regions of interest, with correlations ranging from

⇠0.88 to ⇠0.97 and g2 greater than 0.5 days.

The same behavior is found for the equatorial Rossby wave. As seen in Fig. 6d and Table 2,

%
0 and h@i0 show a strong correlation in all regions oscillating from ⇠0.88 to ⇠0.96. As also

expected, equatorial Rossby waves show slow convective adjustments with g2 oscillating on order

1.0 days and larger. These values broadly resemble previous findings (e.g., Yasunaga et al. 2019;

Adames et al. 2019), where moisture dominance ( g2 > 0.5 days) was found at low frequencies.

As documented in Wolding et al. (2020b), small values of g2 usually mean some other process is
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T���� 2. Moisture mode criteria applied to TD-like and ER waves over different tropical regions. The slope

of the linear fit and the correlation coefficient are shown in a similar manner to Fig. 6. ⇤ The values for the

equatorial Rossby mode over the Atlantic region come from Mayta et al. (2022).

C1: %
0 / h@i0 C2: r · hBvi0 ' h&1 i0 C3: h<i0 ⇡ !E h@i0

Wave Region Slope Corr Slope Corr Slope Corr

Atlantic 0.60 ± 0.007 0.88 0.95 ± 0.003 0.99 1.06 ± 0.002 1.00

TD-like Eastern Pacific 0.51 ± 0.003 0.94 0.98 ± 0.002 1.00 1.07 ± 0.003 0.99

Western Pacific 0.60 ± 0.003 0.97 0.96 ± 0.002 1.00 1.02 ± 0.001 1.00

Indian Ocean 0.53 ± 0.003 0.90 0.89 ± 0.003 0.97 1.06 ± 0.002 0.99

E. Pacific - Atlantic⇤ 1.63 ± 0.007 0.96 0.99 ± 0.002 0.99 1.04 ± 0.002 0.99

Equatorial Rossby Western Pacific 0.91 ± 0.003 0.88 0.98 ± 0.001 1.00 0.89 ± 0.001 0.98

Indian Ocean 1.04 ± 0.004 0.90 1.02 ± 0.001 0.99 0.97 ± 0.001 0.98

causing rainfall, leading g2 to decrease. Furthermore, moisture modes rarely exist if the convective

adjustment is short (see Ahmed et al. 2021 for more details).

For criterion C2 to be satisfied, the waves must exhibit a high correlation (⇠0.9 rounded) between

r · hBvi0 and h&1i0, and the slope must be within the margin of 0.9-1.1. From Fig. 6b, e and Table

2, we can see that the correlation between column DSE divergence and &1 is in close unity to all

of the TD-like and equatorial Rossby waves. In addition, the slope of the linear least-square fit of

the two fields is ⇠1 in both disturbances.

Figures 6c, f show a scatterplot of h<i0 versus !E h@i0 with the least squares fit. We see that the

slope of the linear fit is ⇠1 for the TD-like and equatorial Rossby waves over the Indian Ocean. It

is also fulfilled in the other studied basins (Table 2). When C1, C2, and C3 are examined together,

we see that both TD-like and equatorial Rossby waves pass the three criteria across all tropical

oceans and therefore can be considered moisture modes.

In addition to the three aforementioned criteria, we utilized the nondimensional number N<>34

as additional criteria. Table 3 shows the values of the parameters in Eq. (4) along with the obtained

value of N<>34. For the TD-like waves, the largest value of N<>34 is seen over the Atlantic region,

with a value of ⇠0.24. Through this region, the wave propagates slightly faster compared to the

other regions with a phase speed of ⇠8.6 m s�1. TD-like waves over the Eastern Pacific and over

the Indian Ocean (Bay of Bengal) show approximately the same N<>34 value of 0.21 and 0.20,

respectively. With a value of 0.13, TD-like waves over the Western Pacific exhibit the lowest value

of N<>34, largely due to their slower propagation speed of ⇠5.8 m s�1 which in turn depends on the
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F��. 7. Regional wavenumber-frequency power spectrum (contours) of the symmetric component of CLAUS

)1 calculated for three different regions of the tropics between 10�N–10�S: (a) Indo-Pacific ( 60�E–180�), (b)

Eastern-Pacific (150�E–90�W), and (c) Atlantic (120�W–0�). The solid dispersion curves correspond to 8 and 70

m equivalent depths. The functional form of the tapering window is the same as described in Wheeler and Kiladis

(1999). Background spectra were estimated separately for the regional domain, using the smoothing procedure

of Dias and Kiladis (2014). Contour interval is 0.05. Shadings represent wavenumber-frequency distribution of

base 10 logarithm of N<>34 following a similar procedure of Adames (2022). Blue shading represents tropical

systems that can be categorized as moisture modes, yellow can be considered inertio-gravity waves, and white

represents mixed systems. Orange circles approximately represent the average zonal wavenumber and frequency

of the corresponding TD-like and Rossby wave for the different regions.

mean flow, via advection. Equatorial Rossby waves, on the other hand, have N<>34 values that are

much smaller than unity ( N<>34 ⇠ 0.1) over the three basins assessed in this study. Compared with

TD-like waves, equatorial Rossby waves propagate slower at about 4 to 5 m s�1. Over the Western

Pacific, the wave propagates slightly faster at 6 m s�1, which results in a larger N<>34 value of ⇠
0.23 (Table 3 ).

Although the results shown in Table 3 are useful, it is worth noting that these values are the

result of a restrictive analysis. To further analyze moisture modes along the tropics, the space-time

spectral distribution of N<>34 is calculated and compared with the typical dispersion curves of
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T���� 3. N<>34 values for TD-like and Rossby waves. The phase speed (2?) is calculated by applying a

Radon Transform (more details in Mayta et al. 2021 and Mayta and Adames 2021). The convective moisture

adjustment time scale (g2) is estimated as the slope of the linear fit in the scatterplot of Fig. 6. ⇤ The values for

the equatorial Rossby mode over the Atlantic region come from Mayta et al. (2022).

Wave Region 2? (<B
�1) g (days) g2 (days) N<>34

Atlantic 8.6 5.2 0.60 0.24

TD-like Eastern Pacific 7.3 5.0 0.51 0.21

Western Pacific 5.8 6.0 0.60 0.13

Indian Ocean 7.2 5.2 0.53 0.20

E. Pacific - Atlantic ⇤ 5.4 13.7 1.63 0.10

Equatorial Rossby Western Pacific 5.9 17.5 0.91 0.23

Indian Ocean 3.9 24.5 1.04 0.14

convectively coupled equatorial waves, as in Adames (2022) and Mayta and Adames (2023). From

an examination of Figure 7 we see that TD-like and equatorial Rossby waves fall well within the

moisture mode domain of the N<>34 spectrum (blue regions). Although most of the TD-like )1

spectrum falls into the blue region, a portion of the signal falls into the white region that corresponds

to mixed systems.

6. Vortex Stretching in Moisture Modes

In Figs. 4 and 5 we see that the h@i anomalies are close to in-phase with the lower tropospheric

streamfunction anomalies, consistent with feature F2 of MVI. This result suggests that vortex

stretching contributes to the growth of these systems. We can examine this more objectively by

employing the same projection techniques utilized in previous studies (e.g., Andersen and Kuang

2012; Arnold et al. 2015; Adames 2017; among others):

Proj(- ,. ) ⌘
∞

-.3�∞
.

2
3�

(5)

where the area-weighted sum is taken over the domains of the corresponding waves detailed in

Table 1. The lags used for the calculation represent the different stages of equatorial Rossby (lag

days between -8 and +8) and TD-like waves (lag days between -2 and +2). The area considered for

TD-like waves and the equatorial Rossby waves are the same region used for the EOF calculation
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F��. 8. Area-weighted projection of the anomalous low-level divergence (X850) onto streamfunction anomalies

(k850) for the (a) TD-like waves and (b) equatorial Rossby waves. Each bar represents the average value of all

TD-like and equatorial Rossby waves at various time lags, ranging from lag day -2 to +2 and from lag day -8 to

day +8, respectively.

detailed in Table 1. The chosen area represents the region where the waves are most active (Figures

4 and 5).

From the examination of Figure 8, it is evident that low-level divergence is at least partly in phase

with the streamfunction at all lags. In both cases, the maximum amplitude occurs before the peak

convection. The phase relationship between convergence and streamfunction implies that all the

moisture modes documented in this study exhibit feature F2.

7. MSE Budget Analysis

Since the anomalous convection of TD-like and Rossby waves is closely tied to the column MSE

(e.g., Figures 4 to 6), an examination of the MSE budget can provide valuable insights into the

processes that control the convection evolution of moisture modes.

The column-integrated MSE budget is defined as in Yanai et al. (1973),
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F��. 9. The average contribution of each term in the MSE budget to the propagation (blue bars) and maintenance

(brown bars) of the TD-like and Equatorial Rossby waves obtained following Eq. (5). The contribution of each

horizontal and vertical MSE advection term is delimited by dashed black lines. Red circles represent the peak

of convection at the base point at day 0. The four bins before and after of peak of convection represent the lag

regressions from day -2 to day +2 at every 12 hours for TD-like waves and from day -8 to day +8 at every 2 days

for Equatorial Rossby waves.

mh<i0
mC

= �hv ·r⌘<i0 �
⌧
l

m<

m?

�0
+ h&Ai0+ !E⇢

0+ (�0|       {z       }
(�

0

(6)
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where < ⌘ B + !E@ is MSE, v = Di + Ej is the horizontal vector wind, and r⌘ ⌘ i m

mG
+ j m

mH
the

horizontal gradient. The left-side term in Eq. (6) is the MSE tendency. The first and second terms

on the right-side of equation 6 represent horizontal MSE advection and vertical MSE advection,

respectively. The other terms on Eq. (6) are MSE source terms: the radiative heating rate, surface

latent heat flux (!E⇢), and surface sensible heat flux ((�). The !E⇢
0 and (�

0 terms are analyzed

together as surface fluxes ((�0).

Considering that advective processes play an important role in the propagation and growth of

slow-moving disturbances (e.g., Mayta et al. 2022), it is instructive to decompose this process into

the following contributions (Fig. 9):

�hur<i ⇡ �hūr<0i � hu0r<̄i � hu0r<0i (7)

where u = Di+ Ej+lk is the vector wind field and r ⌘ i m

mG
+ j m

mH
+k m

m?
the gradient operator in

isobaric coordinates. The overbar represents the low-frequency component, obtained from a 30-day

low-pass filter, and the primes are departures from this low-frequency component.

In addition, following Eq. (5), we estimate the processes that lead to the propagation and growth

of the moisture modes by projecting each MSE budget term upon the MSE tendency and the

MSE anomalies, respectively. The contributors to tendency can be interpreted as the mechanism

responsible for the propagation of the wave. Conversely, the contribution to growth can also

be understood as increasing MSE variance. For a process to contribute to the growth of MSE

anomalies, it must be at least partially in phase with these anomalies.

Figure 9 shows the contribution to the propagation and growth of the TD-like and equatorial

Rossby waves. It is an average of the three regions shown in Table 1. Each corresponding basin

is displayed in the Supplementary Material (Figures S1 to S4). Each bar represents a time lag,

ranging from lag day -2 (-8) to +2 (+8) in TD-like (equatorial Rossby) waves, with the day of

maximum wave activity shown as a red circle.

The overwhelming contribution to the MSE tendency for TD-like waves comes from horizontal

MSE advection. When we decompose the advection following Eq. (7), we find that the meridional

advection of background MSE by the anomalous winds (�hE0mH<̄i) and the advection of the

MSE anomalies by the mean zonal wind (�hD̄mG<0i) govern the propagation of the TD-like wave,
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contributing to over 75% of the column MSE tendency. Other terms contribute little to wave

propagation.

As expected for slow-propagating disturbances, longwave radiative heating h&Ai0 contributes

significantly to the growth of the TD-like waves, while vertical MSE advection damps it (Fig.

9b). A further decomposition of vertical MSE advection term indicates that the dominant vertical

advection is primarily attributed to the advection of mean MSE by anomalous vertical velocity

(�hl0
m?<̄i. The near cancellation between vertical MSE advection and radiative heating can be

interpreted as a result of the upper-level clouds that result from deep convection, which suppresses

longwave radiative cooling and compensate for the drying from vertical MSE advection (Adames

and Ming 2018b; Inoue et al. 2020).

Although the h&Ai0 and �hl0
m?<̄i are the largest contributors to the growth and decay of the

waves, their contributions do not change in time. Thus, they cannot explain the growth and decay of

column MSE in TD-like and equatorial Rossby waves. Instead, it is the horizontal MSE advection

that shows an evolution that is more consistent with this growth and decay. Specifically, the

advection of mean moisture by anomalous meridional winds (�hE0mH<̄i) contributes to the growth

of TD-like waves (Fig. 9b), consistent with MVI feature F3 in Section 3. In contrast, �hD̄mG<0i
contributes to the decay of the TD-like wave. TD-like waves over the western Pacific region are

one exception (Fig. S2c), where �hD̄mG<0i contributes to the growth and decay of the wave before

and after the peak of convection, respectively. These results are likely due to spatial differences in

the mean state D̄ across the different basins. Horizontal MSE advection by high-frequency eddies,

specifically the meridional component (�hE0mH<0i), act to dampen the MSE anomalies (Figure 9b).

The processes that propagate and maintain the MSE anomalies in equatorial Rossby waves are

similar to those that propagate and maintain the TD-like waves. However, some differences exist in

the mechanisms responsible for the propagation of the equatorial Rossby waves. While �hE0mH<̄i
and �hD̄mG<0i propagates the TD-like waves, �hD̄mG<0i alone contributes to about 50% of the

MSE tendency (Fig. 9c). The same mechanism was recently documented in Mayta et al. (2022),

who proposed that the wave propagates westward due to zonal moisture advection by the mean

flow. As in TD-like waves, the major contributors to MSE maintenance are moisture transports

by anomalous meridional winds and longwave radiative heating (Fig. 9d). The MSE terms that
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contribute to the decay of the wave are vertical advection and �hD̄mG<0i. Only minor differences

in these processes are seen across the different basins, as shown in the Supplementary Material.

8. Poleward Eddy Moisture Fluxes in Moisture Modes
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F��. 10. Coherence squared (shading) and phase angle (vectors) between column moisture (h@0i) and 850 hPa

meridional wind (E0850) for the (left) 5-15�N and (right) 5-15�S latitude belts. In both plots, the solid lines denote

the transition lines from moisture modes to mixed systems (lower line) and from a mixed system to gravity wave

(top line), as in Fig. 7. A guide to interpreting the phase angle is shown on the top right.

That the term �hE0mH<i acts to amplify the column MSE anomalies in all the waves examined

here implies that E0 and column water vapor are –at least– partly in phase in these systems. While

this phase relationship is consistent with the MVI features described in section 3, it also implies that

moisture modes flux anomalous moisture poleward (i.e., hE0@0i is poleward). In order to examine

this possibility, we calculate the space-time spectral coherence and phase angle between 850 hPa

E
0 and h@0i. Unlike Fig. 7, we will show both eastward and westward-traveling waves and we

will examine the northern and southern hemispheres separately. This is done by following the

cross-spectral analysis method outlined by Hayashi (1973, 1977). As in Adames et al. (2014) the

coherence value at the 99% confidence interval is calculated to be 0.03.
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When we examine the coherence squared between E
0 and h@0i (Fig. 10), we see that the most

robust coherence values are seen in the westward-propagating moisture mode part of the spectrum

in both hemispheres. The northern hemisphere has overall higher coherence values that extend

to higher frequencies and zonal wavenumbers, likely due to the higher variance of activity in this

hemisphere (see Fig. 3). The phase angle between E
0 and h@0i, shown as arrows, reveals that

poleward flow is associated with enhanced h@0i in both hemispheres. A slight tilt in the arrows–

rightward and leftward in the northern and southern hemispheres, respectively – indicates that the

poleward flow is shifted eastward from the positive h@0i anomalies. This result is consistent with

the finding that meridional MSE advection contributes to both the propagation and growth of the

MSE anomalies, as shown in Fig. 9.

The aforementioned results are most robust for the coherence values that are found within the

moisture mode region of the spectrum. Closer to the gravity wave part of the spectrum we see

a phase angle in the opposite direction. The kink in the spectral signal in this region suggests

that the signal here does not correspond to TD-like and equatorial Rossby waves, but rather to

mixed-Rossby gravity waves.

We also see a strong coherence in eastward-propagating waves, with the maximum coherence

centered near zonal wavenumbers 6-7 in both hemispheres. This signal is akin to the power

spectrum found in midlatitude waves (Adames et al. 2014; Tulich and Kiladis 2021). They also

transport moisture poleward, but their phase angle is different than those of moisture modes, and

their coherence is not as high as those of moisture modes in the latitude belts of interest.

Lastly, it is worth noting that no statistically-significant coherence is seen along the Kelvin wave

band or any of the inertio-gravity waves. This result is expected since Kelvin waves do not have a

meridional wind signature in the lower troposphere (Kiladis et al. 2009), but it is interesting that

little coherence is seen in the gravity waves. It is also intriguing that the coherence between E
0 and

h@0i along the MJO band is small.

A more direct examination of the meridional eddy moisture flux can be obtained from the lag

regression fields shown in Figures 8 and 9. The result, shown in Figure 11, reveals that both

TD-like and ER waves transport moisture poleward throughout most of their cycle. It is only

slightly negative before lag day -4 for ER waves and lag day -1 for TD-like waves. After that day

the transport quickly increases, reaching a peak amplitude at lag day 0.5 for TD-like waves and
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lag day 2 for ER waves. The positive lag in peak transport suggests that peak poleward moisture

transport occurs after peak wave activity.
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F��. 11. Lag regression composite of area-averaged meridional eddy moisture flux (h!E@
0
E
0i). Time lag

ranges from lag day -2 to +2 for TD-like waves and from lag day -8 to day +8 for equatorial Rossby waves.

9. Summary and Conclusions

This study is motivated by increasing evidence that a variety of moisture modes exist within

the tropics, even outside of the warm pool, as hypothesized by Adames et al. (2019); Inoue et al.

(2020), and Adames (2021). Mayta et al. (2022) found that equatorial Rossby waves over the

Western Hemisphere satisfy all criteria to be considered a moisture mode. Mayta and Adames

(2023) expanded upon this work and showed that Atlantic TD-like waves also satisfy the criteria to

be classified as a moisture mode. Based on these results, we hypothesized that equatorial Rossby

waves and TD-like waves are moisture modes, as predicted by the theory (Adames 2022). We

examined a series of diagnostic criteria and the governing processes responsible for the growth and

propagation of moisture modes by using ERA5 data. To investigate TD-like waves and equatorial

Rossby waves, we computed an EOF analysis considering the maximum variance over different

tropical regions (see Table 1 and Fig. 12). These indices were used to create lag regressions that

elucidated the structure of the waves and their governing thermodynamic processes.
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F��. 12. Schematic depiction that shows the relative contribution of the meridional advection of background

MSE by the anomalous winds (�hE0mH<̄i) and the advection of the MSE anomalies by the mean zonal wind

(�hD̄mG<0i) to the propagation and growth of the MSE anomalies in the (top) TD-like and (bottom) equatorial

Rossby waves. Blue and brown bars represent the process responsible for the propagation and maintenance of

the moisture modes. The regions considered for the analysis of the TD-like and equatorial Rossby waves are

represented by light red squares (see Table 1 for more details).

The composite dynamical structures, convection, and propagation features of TD-like and equa-

torial Rossby waves over the entire tropical domain (Figures 4 and 5) depict an evolution that

agrees with previous observational studies (e.g., Lau and Lau 1990; Takayabu 1994; Wheeler and

Kiladis 1999; Kiladis et al. 2009; Rydbeck and Maloney 2014; Kiladis et al. 2016; Adames and
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Ming 2018b; Gonzalez and Jiang 2019; Feng et al. 2020; Mayta et al. 2022; Mayta and Adames

2023; among others).

By using the four criteria to identify moisture modes, we found that equatorial and off-equatorial

moisture modes exist over the whole tropics (Fig. 6 and Table 2). The existence of these two

moisture modes was initially predicted by theory (Adames et al. 2019; Adames 2022; Mayta et al.

2022), and their existence was confirmed over the Western Hemisphere (Mayta et al. 2022; Mayta

and Adames 2023). Idealized model simulations also found the same results (e.g., Rios-Berrios

et al. 2023). These two waves also exhibit an N<>34 – nondimensional number that measures the

relative contribution of moisture and temperature in the evolution of moist enthalpy (Adames et al.

2019; Adames 2022) – that is much smaller than unity over the entire tropical domain, another

requirement necessary to be categorized as a moisture mode (Table 3). These features were also

found in the space-time spectral distribution of N<>34 (Fig. 7). In the three basins considered for

the analysis (Indian Ocean-Western Pacific, Central-Eastern Pacific, and Eastern Pacific-Atlantic),

the centroid of the TD-like and equatorial Rossby wave signals falls within the moisture mode

domain of the spectrum.

It is worth noting that, while most of the equatorial Rossby wave signal falls in the moisture

mode region, a substantial portion of the TD-like wave signal is outside of this region N<>34

spectrum (Fig. 7). Thus, not all TD-like waves are moisture modes. Faster-propagating TD-like

waves have a larger value of N<>34 and hence their temperature anomalies are expected to be

larger. This is the case seen in African easterly waves, which were recently found to have an

N<>34 value between 0.3-0.5 (Vargas-Martes et al. 2023). While we do not examine AEWs in

this study, recent observational and modeling studies (e.g., Wolding et al. 2020a; Núñez Ocasio

and Rios-Berrios 2023), have shown that temperature fluctuations are as important as moisture

in AEWs thermodynamics. In contrast to AEWs, most oceanic TD-like waves propagate slowly

enough for gravity waves to eliminate temperature fluctuations before convection dissipates. These

results in the dominance of moisture in the convective evolution of the wave that characterize

moisture modes (Adames 2022).

But where are these moisture modes most commonly found? A potential answer could be that

these disturbances prevail in areas with the highest column water vapor. However, our results

showed that moisture modes occur in regions with strong horizontal moisture gradients rather than
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in regions where moisture is maximum. This result is supported by the fact that the highest )1
variance in both equatorial Rossby and TD-like waves is strongest in regions where the horizontal

moisture gradient is strong (Fig. 3 and Table A1).

In light of these findings, our proposed answers to questions 1 and 2 in the introduction are:

Q1: Moisture modes are common throughout the tropics.

Q2: Moisture modes preferentially occur in regions of strong horizontal moisture gradients.

In addition to the ubiquity of moisture modes found in this study, we also found that the

propagation and growth of their MSE anomalies are governed by the same processes (Fig. 12):

a) The propagation of these moisture modes is governed by the advection of the MSE anomalies

by the background trade winds, with an additional contribution from advection of background

moisture by the anomalous meridional winds (Figure 9). However, in the Indian Ocean

equatorial Rossby waves, we found that anomalous surface fluxes contribute non-negligibly

to the propagation of the wave, more consistent with the results of Chen (2022).

b) While longwave radiative heating and vertical MSE advection are largely responsible for

the growth and decay of slow-propagating moisture modes, they do not fully account for

the temporal evolution of column MSE (Fig. 9 and Supplementary Figures). Instead, the

horizontal MSE advection showed an evolution that is more consistent with the wave growth

and decay. Especially, the growth of the MSE anomalies is the result of the advection of

background moisture by the anomalous meridional winds (Fig. 12). Surface fluxes contribute

non-negligibly to TD-like waves’ growth, which is not seen in equatorial Rossby waves. On

the other hand, zonal moisture advection by the mean flow contributes to the decay of the

wave (Figures 9b and 9d). We argue that advection by mean flow contributes to wave decay

because horizontal variations in the background zonal flow (not shown), drying the system

during wave evolution. Lastly, the nonlinear meridional MSE advection term acts to dampen

the TD-like waves in all of the regions examined. Equatorial Rossby waves are also damped

by the same process but to a lesser extent. It is possible that nonlinear MSE advection may

act as a type of diffusion, although more work is needed to better understand this finding.

But how are all these mechanisms related to moisture vortex instability? In Section 3, we proposed

three main features that systems should satisfy to grow from MVI (Fig. 2). Our results demonstrate
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that these features are prevalent in the equatorial Rossby and TD-like waves examined. These key

characteristics can be summarized as follows:

F1: Moisture anomalies are in phase with the precipitation anomalies for oceanic TD-like waves

and equatorial Rossby (C2; Fig. 6 and Table 2).

F2: Horizontal composite maps of column moisture and 850 hPa streamfunction of the moisture

modes showed that moisture is roughly collocated with the cyclonic circulation (Figures 4

and 5). Furthermore, lower tropospheric convergence is partially in phase with the lower-

tropospheric streamfunction, implying growth from vortex stretching (Figure 6).

F2: Advection of background moisture by the anomalous meridional winds aids in the growth of

moisture modes implying that the MSE anomalies grow from MVI (Sobel et al. 2001; Adames

and Ming 2018a; Adames 2021).

Thus, our results indicate that the answer to question 3 in the introduction is:

Q3: Moisture-vortex instability is present in oceanic TD-like waves and equatorial Rossby waves

around the globe. This mechanism occurs in conjunction with growth by radiative heating.

Even though we have answered the three main questions of this study, our results lead to new

questions. First, is there a reason why moisture modes appear to be common? Second, why does

MVI appear to be so prevalent throughout the tropics? A hint to the answer can be seen in Figures

10 and 11. Since E
0 and h@0i have an in-phase component, then moisture modes have a nonzero

hE0@0i, suggesting that they transport latent energy poleward. This appears to be the case in storm-

permitting simulations of the tropics (Rios-Berrios et al. 2020) and even in reanalysis (Trenberth

and Stepaniak 2003; Stoll et al. 2023). Thus, it is possible that moisture modes play an important

role in tropical circulation. This possibility is examined within the context of a simplified model

in Adames-Corraliza and Mayta (2023).

10. Data Availability Statement

ERA5 data is available at: https://www.ecmwf.int/en/forecasts/datasets/

reanalysis-datasets/era5/). Interpolated )1 data are provided by the NOAA/ESRL.

Acknowledgements:

31

$FFHSWHG�IRU�SXEOLFDWLRQ�LQ�Journal of Climate.�D2I�10.1175/JCLI-D-23-0145.1.
�DCF!"E�EC�+CF�:+�5/���2��4��0��7���0/��/��

��0/�I�5B�FE" BE#��E ��I�
C*BAC�� �� �������� �	���1��54�
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APPENDIX

A1. Is moisture mode variance more correlated with the mean moisture or the mean moisture

gradient?

In order to explore if strong moisture or meridional moisture plays an important role in the

existence of moisture modes, we calculated the correlation between filtered)1 and the annual-mean

column moisture and the mean meridional gradient of column moisture. The calculation is made

based on Figure 3 and considering different basins. Table A1 summarizes the correlations obtained

for both waves over different basins. The results show a stronger correlation between the region of

maximum TD-like activity and high values of meridional gradients of moisture background instead

of moisture background. The maximum differences in correlations are observed over the Atlantic

region and the Indian Ocean with correlations (Table A1) as expected from Figures 1 and 3. The

same occurs for the equatorial Rossby waves.
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T���� A1. Correlation of filtered )1 variance against moisture background (h@̄i); and meridional gradient of

moisture background (
��
mH h@̄i

��). Correlations are calculated considering different basins based on Figure 3. | · |

means absolute value.
Wave Region h@̄i / )1

��
mH h@̄i

�� / )1

TD-like Atlantic [AT] 0.44 0.70

Eastern Pacific [EP] 0.39 0.42

Western Pacific [WP] 0.38 0.47

Indian Ocean [IO] 0.50 0.60

Eq. Rossby Atlantic [AT] 0.28 0.45

Western Pacific [WP] 0.41 0.32

Indian Ocean [IO] 0.39 0.51
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