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ABSTRACT: Convectively coupled waves (CCWs) over the Western Hemisphere are classified based on their governing
thermodynamics. It is found that only the tropical depressions (TDs; TD waves) satisfy the criteria necessary to be consid-
ered a moisture mode, as in the Rossby-like wave found in an earlier study. In this wave, water vapor fluctuations play a
much greater role in the thermodynamics than temperature fluctuations. Only in the eastward-propagating inertio-gravity
(EIG) wave does temperature govern the thermodynamics. Temperature and moisture play comparable roles in all the
other waves, including the Madden—Julian oscillation over the Western Hemisphere (MJO-W). The moist static energy
(MSE) budget of CCWs is investigated by analyzing ERAS5 data and data from the 2014/15 observations and modeling of
the Green Ocean Amazon (GoAmazon 2014/15) field campaign. Results reveal that vertical advection of MSE acts as a
primary driver of the propagation of column MSE in westward inertio-gravity (WIG) wave, Kelvin wave, and MJO-W,
while horizontal advection plays a central role in the mixed Rossby gravity (MRG) and TD wave. Results also suggest that
cloud radiative heating and the horizontal MSE advection govern the maintenance of most of the CCWs. Major disagree-
ments are found between ERAS and GoAmazon. In GoAmazon, convection is more tightly coupled to variations in col-
umn MSE, and vertical MSE advection plays a more prominent role in the MSE tendency. These results along with
substantial budget residuals found in ERAS data suggest that CCWs over the tropical Western Hemisphere are not repre-
sented adequately in the reanalysis.

SIGNIFICANCE STATEMENT: In comparison to other regions of the globe, the weather systems that affect precip-
itation in the tropical Western Hemisphere have received little attention. In this study, we investigate the structure,
propagation, and thermodynamics of convectively coupled waves that impact precipitation in this region. We found
that slowly evolving tropical systems are “moisture modes,” i.e., moving regions of high humidity and precipitation that
are maintained by interactions between clouds and radiation. The faster waves are systems that exhibit relatively larger
fluctuations in temperature. Vertical motions are more important for the movement of rainfall in these waves. Last, we
found that reanalysis and observations disagree over the importance of different processes in the waves that occurred
over the Amazon region, hinting at potential deficiencies on how the reanalysis represents clouds in this region.

KEYWORDS: Convection; Gravity waves; Madden—Julian oscillation; Atmospheric waves

1. Introduction weekly time scale, the convectively coupled Kelvin wave is
one of the most well-researched synoptic-scale waves over
tropical South America (Liebmann et al. 2009; Serra et al.
2020; Mayta et al. 2021). At the daily time scale, 2-day west-
ward inertio-gravity waves (WIGs) have been shown to be or-

Precipitation over the tropical belt (~20°N/S) is organized
over a wide range of spatial and temporal scales. Among the
organized precipitation systems, we see mesoscale convec-
tive systems (MCSs), synoptic-scale convectively coupled . .
waves (CCWs), and planetary-scale disturbances such as the gaplzed as mesoscale. convective systems over the Amazon
Madden-Julian oscillation (MJO; Takayabu 1994; Wheeler (Silva Dias and Ferreira 1992; Mayta and Adames 2021). The

and Kiladis 1999; Wheeler et al. 2000; Kiladis et al. 2009; impact of the other CCWs on precipitation, on the other
Zhang et al. 2020). hand, is less explored. Furthermore, there have been few ef-

forts to compare how the different CCWs modulate Western

Over the tropical Western Hemisphere, the MJO and equa-
Hemisphere rainfall.

torial Rossby-like waves act as major sources of intraseasonal

precipitation variability (e.g., Mayta et al. 2019, 2022). At the A remaining challenge in our understanding of CCWs is our
lack of understanding of the processes in which the large-scale

tropical circulation interacts with deep convection (Neelin and
Held 1987; Raymond 2001; Mapes et al. 2006; Kiladis et al. 2009;
Corresponding author: Victor C. Mayta, mayta@wisc.edu Wolding et al. 2022). It is well-known that free-tropospheric
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water vapor plays a key role in the occurrence and organization
of tropical deep convection (Raymond 2001; Bretherton et al.
2004; Sobel et al. 2004; Mayta et al. 2022). It can also dominate
the thermodynamic behavior of slowly evolving motions, leading
to so-called moisture modes (Kim et al. 2014; Adames and Kim
2016; Adames and Maloney 2021). While the study of moisture
modes has mostly focused on the Indo-Pacific warm pool (Ray-
mond et al. 2009), a recent study by Mayta et al. (2022) showed
evidence that equatorial Rossby-like waves in the Western
Hemisphere may actually be moisture modes. However, it is un-
known whether moisture modes are common systems in the
tropics and if other systems in the Western Hemisphere may
also exhibit moisture mode behavior.

Many researchers have invoked the moist static energy
(MSE) budget to understand how convection and large-scale
circulation interact since high values of MSE have been found
to be associated with tropical convection (Inoue and Back
2015; Yasunaga et al. 2019). MSE also summarizes the ther-
modynamics of CCWs and the MJO (Sumi and Masunaga
2016; Adames et al. 2019; Ahmed et al. 2021). The MSE bud-
get was widely used to explore the processes involved in the
propagation and maintenance of the MJO (e.g., Maloney
2009; Kiranmayi and Maloney 2011; Andersen and Kuang
2012; Kim et al. 2014; Sobel et al. 2014; Hannah and Maloney
2014; Gonzalez and Jiang 2019; among others). The MSE
budget has also been employed to study other CCWs over the
Indo-Pacific warm pool (Inoue and Back 2015; Sumi and Ma-
sunaga 2016; Yasunaga et al. 2019; Inoue et al. 2020; Mayta
et al. 2022). However, little work has been done to understand
the MSE budget of systems that occur in the tropical Western
Hemisphere.

The main goal of this study is to examine potential regional
differences in the dynamics and thermodynamics of CCWs.
We seek to answer the following questions:

1) What are the thermodynamic characteristics of CCWs in
the tropical Western Hemisphere?

2) Is the MSE budget of CCWs in the tropical Western
Hemisphere different from that of CCWs that occur over
the warm pool?

3) What do these results tell us about the convective cou-
pling of tropical waves? For instance, which behaves like
moisture modes?

The paper is organized as follows: section 2 provides a brief
description of the datasets and analysis methods. In section 3,
we elucidate the horizontal structure of CCWs and their asso-
ciated convection on the basis of a linear regression analysis.
The governing thermodynamics for all disturbances are exam-
ined in section 5. In section 6, an MSE budget analysis is per-
formed for each wave type. Finally, the major findings of the
study are summarized in section 7.

2. Data and methods

a. CLAUS brightness temperature dataset

Satellite-observed brightness temperature 7}, data are used
as a proxy for tropical convection in this study. The data are
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obtained from the Cloud Archive User System (CLAUS) sat-
ellite data (Hodges et al. 2000), which has eight-times-daily
global fields of T}, from July 1983 to June 2009 and extended
through 2017 using the merged IR dataset from NOAA.

b. ERAS

To assess the dynamical and thermodynamical characteris-
tics associated with CCWs, 4-times-daily atmospheric varia-
bles from the fifth major global reanalysis produced by the
European Centre for Medium-Range Weather Forecasts
(ERAS; Hersbach et al. 2019) are used. The ERAS dataset
we employed has a 0.5° horizontal resolution, with four-times-
daily analyses that match the CLAUS T, data for the 36-yr
time period from 1984 through 2015. We make use of the
zonal u, meridional v, and vertical w winds, specific humidity g,
temperature 7, diabatic heating rate Oy, surface and top-of-the-
atmosphere radiative fluxes, surface sensible SH and latent heat
fluxes L, E, and precipitation P.

c¢. GoAmazon 2014/15 field campaign data

The observations and modeling of the Green Ocean Amazon
(GoAmazon 2014/15) experiment were carried out in Manaca-
puru, in western Manaus in central Amazonia, Brazil, for the
2-yr time period from 1 January 2014 through 31 December
2015. GoAmazon 2014/15 consists of three main integrated com-
ponents: a field campaign, data analysis, and modeling. The field
campaign involved measures of complex interactions among veg-
etation, atmospheric chemistry, and aerosol production and their
connections to clouds and precipitation [more details in Martin
et al. (2016)]. For this study, we make use of the constrained vari-
ational analysis product for GoAmazon (VARANAL; Tang et al.
2016) to analyze the regional scale of the vertical dynamic and
thermodynamic structure associated with the CCWs. VARANAL
is derived from the ECMWF analysis fields and Atmo-
spheric Radiation Measurement’s (ARM’s) observations
during GoAmazon 2014/15 using the constrained variational
analysis proposed in Zhang and Lin (1997). This product as-
similates the top of the atmosphere and surface observations
to produce thermodynamic budgets. The surface observa-
tions assimilated include surface radiative, latent, and sensi-
ble heat fluxes and precipitation from the System for the
Protection of Amazonia (SIPAM) radar. Additional details
about VARANAL products during GoAmazon 2014/15 are
found in Tang et al. (2016).

d. Wave-type filtering of CLAUS T, and EOF
calculation

To isolate individual CCW modes, T}, is filtered following
the method proposed by Wheeler and Kiladis (1999) using the
same frequency—wavenumber boxes documented in Kiladis et al.
(2009). This is accomplished in the wavenumber—frequency do-
main by retaining only those spectral coefficients within a specific
range corresponding to the spectral peaks associated with a given
mode. The filter settings for the period, the wavenumber ., and
the equivalent depth £, are detailed in Table 1.

Considering that filtered anomalies include background
noise, we use empirical orthogonal function (EOF) analysis to
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TABLE 1. Convectively coupled tropical waves with their corresponding characteristics. The filter settings for the period,
wavenumber k, and the equivalent depth 4, used to extract the wave signal [see Kiladis et al. (2009) for more details]. Positive
(negative) k corresponds to modes with eastward (westward) propagation. The variance explained by the two leading patterns (PC1

and PC2) is also shown in the last columns. The values for the Rossby-like wave come from Mayta et al. (2022).

Acronym Wave Period (days) k h, (m) PC1 (%) PC2 (%)
WIG Westward inertio-gravity 1.25t0 3.5 —15to -1 12 to 90 7.8 7.7
EIG Eastward inertio-gravity 1to6 0to 15 12 to 50 8.1 6.0
KW Kelvin wave 2.5 to 20 1to 15 — 17.5 15.2
MRG Mixed Rossby gravity 2.5t 10 —10 to —1 8 to 90 8.4 7.8
TD-like Tropical disturbance 2 to 10 —20 to =5 — 9.5 9.2
MJO-W Western Madden—-Julian oscillation 20 to 90 0to +10 — 16.8 12.9
ER-like Equatorial Rossby-like 10 to 90 —20to 0 — 13.4 12.8

extract the dominant mode associated with each CCW mode.
The EOF analysis is limited to the tropical Western Hemi-
sphere (10°S-15°N, 120°W-0°), considering the maximum var-
iance of CCWs shown in Fig. 1. Since T}, are filtered for either
eastward or westward propagation, the EOFs occur in pairs
and together account for the leading convective circulation
pattern and propagation. In addition, the first two eigenvalues
are close together and represent the sine and cosine parts of
the wave, and they are well separated from the third eigen-
value based on the North et al. (1982) degenerate mode
criteria.

e. Linear regression

The dynamical fields associated with each EOF of the cor-
responding CCWs are obtained by projecting raw 7}, and
ERAS data at each grid point onto the associated principal
component (PC) time series. Then, all fields are scaled to one
standard deviation PC perturbation of the corresponding
wave. The statistical significance of these results is then as-
sessed based on a two-tailed Student’s ¢ test that takes into ac-
count the correlation coefficients and an effective number of
independent sample (degrees of freedom) based on the decor-
relation time scale (Livezey and Chen 1983). Similarly, the re-
lationship between the CCW mode and MSE budget terms
was determined by using linear regression, following the same
procedure as previous studies (e.g., Mapes et al. 2006; Adames
et al. 2021; Mayta et al. 2021; Snide et al. 2022).

3. Large-scale structure of the CCWs over the

Western Hemisphere
WIG waves

The leading pair of PCs of T}, data filtered over the WIG
band explain 15.6% of the total variance. Figure 2 shows T},
(shading), 850-hPa geopotential height (contours), and winds
(vectors) for a WIG wave obtained from a linear regression of
these fields onto the PCl1 time series of WIGs. From day —1
(Fig. 2a) convection propagates westward from northeast South
America and reaches the eastern slope of the Andes 2 days
later with an arch-shaped structure (day +1; Fig. 2c). The low-
level wind circulation is first dominated by convergent flow,
which is shifted to the west of the convective center (Fig. 2b).
This is the result of the tilted structure that has divergence aloft
shifted to the east of the low-level convergence [see Figs. 5 and
6 in Mayta and Adames (2021)]. The convective and circulation
features are similar to those documented in other regions such
as the Indian Ocean (Takayabu et al. 1996; Haertel and Kiladis
2004) and western Pacific (Kiladis et al. 2009). The horizontal
scale of the regressed waves approximately corresponds to
zonal wavenumbers 8 and 9 (a wavelength of ~40°). A detailed
study of the dynamic and thermodynamic features of the 2-day
waves was documented in Mayta and Adames (2021).

b. EIG waves

Figure 1b represents the geographical distribution of the
eastward inertio-gravity (EIG) wave-filtered T}, variance over
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FIG. 1. Geographical distribution of the variance of CCW-filtered CLAUS T, for all seasons. Shading intervals (in K?) are shown in each
panel. The location of the ARM T3 radiosonde station at Manacapuru (3.15°S, 60.6°W) is indicated by a green circle.

Brought to you by UNIVERSITY OF WISCONSIN

MADISON | Unauthenticated | Downloaded 01/24/24 07:43 PM UTC



2768 JOURNAL OF CLIMATE VOLUME 36
WIG EIG
db-1 T, 850 hPa [qﬁ,
2 T AN T S NN of
i .q}b o & 25°N
1EQ
125°S
25°N
1EQ
125°S
H N . 25°N
EQ
25°St, A 207, ’ ezl o s o . " 12425°S
120°W 80°W 4 40°E  120°W 80°W 40°W Q° 40°E
_——— . ] 1.0ms?
-5 -2.5 2.5 5

FIG. 2. Anomalous CLAUS T, (shading), 850-hPa geopotential height (contours), and 850-hPa winds (vectors)
regressed onto PC1 of the (left) WIG and (right) EIG from (top to bottom) day —1 through day +1. All fields are
scaled to one standard deviation PC perturbation of the corresponding wave. Geopotential height contour interval is
2 m. Shading and contours indicate regions significant at the 95% level. Wind vectors are plotted only where either
the u or v component is significant at the 95% level or greater.

all seasons. Since the EIG wave is defined to be antisymmetric
in the T, field, the maximum variance over the Western
Hemisphere is off equatorial. While the EIG wave shows its
maximum variance near the date line (Kiladis et al. 2009), a
substantial signature is still seen in the Western Hemisphere,
as seen in Figs. 2d—f. For EIGs, PC1 and PC2 together explain
about 14% of the total variance of the high-frequency filtered
band. EIGs are characterized by zonal wavelength that is
nearly twice that of WIGs at ~75°. The EIG waves propagate
faster than WIGs at about 32.5 m s~ . The quadrupole struc-
ture in anomalous convection characteristic of EIGs is not as
evident over the Western Hemisphere as it is over the tropical
western Pacific [e.g., Fig. 17 in Wheeler et al. (2000)], even
though the circulation at 850 hPa closely matches shallow-
water theory.

c¢. Kelvin waves

For Kelvin waves, PC1 and PC2 together explain 32.7% of
the filtered variance. Over the Western Hemisphere domain,
Kelvin waves have a characteristic zonal wavenumber ~5 (a wave-
length of ~75°) and propagate at a phase speed of 158 m s~ ..
Convection associated with the Kelvin waves starts in the east-
ern Pacific at day —2 (Fig. 3a). As documented in previous
studies (e.g., Liebmann et al. 2009; Mayta et al. 2021), anoma-
lous convection over the tropical South American and Atlantic

region is often excited by a preexisting Kelvin wave that

Brought to you by UNIVERSITY OF WISCONSIN MADISON | Unauthenticated | Downloaded 01/24/24 07:43 PM UTC

propagates into the region from the eastern Pacific. Those
studies also found that, in many instances, extratropical wave
train activity triggers convection in the equatorial region, pro-
jecting onto large-scale Kelvin waves. Convection reaches the
continental part on day 0 (Fig. 3b) and continues its eastward
propagation in the following days. Winds at 850 hPa are
easterly to the east of maximum Kelvin wave precipitation
(day —2; Fig. 3a), and westerlies occur nearly in phase with en-
hanced precipitation. Equatorial zonal winds are in phase with
pressure, resembling the theoretical Kelvin wave (Matsuno
1966), most evident at day +2 (Fig. 3c).

d. MRG waves

Figure 1d shows the geographical distribution of the mixed
Rossby gravity (MRG) wave-filtered T}, variance for all sea-
sons. The maximum activity of this wave is observed in the
eastern Pacific and northern South America. Applying EOFs
over the region maximum variance, we find that PC1 and PC2
together explain 16.2% of the total variance (Table 1). The
horizontal structure of PC1 associated with the convectively cou-
pled MRG wave for different time lags is shown in Figs. 4a—.
From here on we show the streamfunction, rather than the geo-
potential, as the contoured field since it more clearly depicts bal-
anced equatorial circulations. Over the Western Hemisphere
domain, the MRGs have an average zonal wavenumber between
4 and 5 (a wavelength of ~80°) and propagate at a phase speed
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FIG. 3. As in Fig. 2, but for Kelvin waves for (a) day —2, (b) day 0,
and (c) day +2. Geopotential height contour interval is 2 m.

of 19.5 m s~ !, Convection associated with MRG waves initially
appears over northern South America (day —1; Fig. 4a) and
propagates westward in the following days, showing its maximum
amplitude at day 0 (Fig. 4b). In contrast with Kiladis et al. (2016),
MRG convection over northern South America and the eastern
Pacific propagates zonally rather than meridionally [see Fig. 6 in
Kiladis et al. (2016)]. Convection is primarily located in the
ITCZ in the Northern Hemisphere in contrast to the shallow-
water MRG wave, which has convective anomalies in both hemi-
spheres. On the other hand, the horizontal circulation is still
similar to that expected from the theory and MRGs over the west-
ern Pacific (e.g., Wheeler et al. 2000; Kiladis et al. 2009, 2016).
MRG waves of 850-hPa streamfunction are propagating westward
through the region of convective activity. Although off-equatorial
gyres can be expected as a response to heating (located mainly in
the Northern Hemisphere), gyres are still symmetric with respect
to the equator. Northerly low-level winds in phase with suppressed
convection and southerly winds coupled with enhanced convec-
tion are observed in agreement with the MRG wave structure
documented in Kiladis et al. (2009) and Kiladis et al. (2016).

e. TD-like waves

For tropical depression (TD)-like waves, PC1 and PC2 to-
gether explain 18.7% of the filtered variance and represent
the TD wave activity over the western coast of Africa and the
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tropical Atlantic, in agreement with the geographical distri-
bution of the maximum annual-mean TD variance (Fig. 1d).
Figures 4d—f display the day —1 to day +2 evolution of 7}
and 850-hPa circulation projected onto PC1 of the TD-like
wave. The regressed TDs exhibit a zonal wavelength of 35°
(zonal wavenumber ~10), in agreement with previous stud-
ies (e.g., Kiladis et al. 2006). Over the Atlantic region, this
disturbance propagates at ~8.0 m s~ ', The circulation pat-
tern associated with this disturbance closely resembles those
previously documented over Africa (Kiladis et al. 2006). A
statistically significant convectively coupled circulation is ob-
served on day —1 over the west coast of Africa (Fig. 4d).
The perturbation streamfunction on day —1 indicates that
the TD signature over the Atlantic Ocean comes from preex-
isting easterly waves over Africa. At day 0 (Fig. 4e), the
maximum convection has propagated westward, and the T
signal depicts a southwest to northeast tilt with southerly
and northerly flow in the region of enhanced and suppressed
convection, respectively. Two days later (day +2; Fig. 4f),
the convective anomalies move toward the extreme north of
South America and the Caribbean region, becoming the po-
tential precursors of TD activity over Central America and
the eastern Pacific (Serra et al. 2010).

£ The MIO-W

Figures Sa—c show the regressed 7}, and circulation fields at
850 hPa by using PC1 of Madden—Julian oscillation over the
Western Hemisphere (MJO-W)-filtered T,, which explains
about 16.8% of the filtered variance (Table 1). The regressed
fields exhibit a zonal wavenumber-1-2 structure that propa-
gates eastward at a phase speed of ~8.5 ms™! over the West-
ern Hemisphere. The dynamical and convection fields are
similar to features documented in previous studies (Matthews
2000; Kiladis et al. 2005; Adames and Wallace 2014). The cir-
culation is coupled with enhanced convection in the eastern
Pacific and western Amazon at day —5 (Fig. 5a) and slowly
propagates eastward during the following days. At the same
time, suppressed convection can be observed over the Indo-
Pacific warm pool region (day —5 and day 0). The convection
features of the MJO in the Eastern Hemisphere are evident
even though the EOF was calculated only considering the
Western Hemisphere domain. The circulation fields also show
the characteristic cyclonic Rossby gyres flanking the enhanced
convection, mainly on day 0 and day +5 (Figs. 5b,c). Anoma-
lous westerlies extend through and to the west of the region
of maximum convection in a similar way to the MJO circula-
tion features documented by Kiladis et al. (2005) and Adames
and Wallace (2014). The dipole-like convective structure be-
tween southern South America and the South Atlantic con-
vergence zone (e.g., Nogués-Paegle and Mo 1997; Vera et al.
2018; Mayta et al. 2020), which is the most distinct feature of
the intraseasonal South American precipitation, is also appar-
ent on day 0 and day +5, albeit with a weak amplitude.

4. Governing thermodynamics

In this section, we applied the criteria documented in
Mayta et al. (2022) used to characterize Rossby-like waves as
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FIG. 4. As in Fig. 2, but for (left) MRG and (right) TD-like. Maps are for (top to bottom) day —1, day 0, and day +2.
Contours are streamfunction, and the contour interval is 1.0 X 10° m? s~ !, with negative contours dashed.

a moisture mode but applied them to the remaining CCWs
listed in Table 1. The three criteria proposed by the authors
can be summarized as follows.

a. Moisture mode criterion 1 (C1): The wave must exhibit
a large moisture signature that is highly correlated with
the precipitation anomalies

For a disturbance to be considered a moisture mode, its sig-
nature in column water vapor ({g’)) must be large enough to
significantly modulate surface precipitation (P’). This results
in a strong correlation (~0.9 rounded) between P’ and (q)’
because in the moisture modes column water vapor should ex-
plain the majority of the rainfall variance, defined as at least
80% in this study. Hereafter, () = l/gfll(?(?o (+)dp, and primes
(") represent anomalies associated with each corresponding
wave. In addition, we posit that the convective moisture adjust-
ment time scale (7. = (¢’)/P’) must be larger than 12 h (0.5 days)
to guarantee a large moisture signature. Climatologically, . varies
from 6 to 24 h over the rainy regions of the tropics (Betts and
Miller 1993; Bretherton et al. 2004; Dias and Pauluis 2010; Sobel
and Maloney 2012; Jiang et al. 2016; Adames and Kim 2016).

We apply this criterion by constructing a scatterplot be-
tween P’ and (¢’) (Fig. 6a), where the slope of the linear fit
gives the value of 7.. The 7, values and the correlation coeffi-
cient for all disturbances are summarized in Table 2. Results
show that only the TD-like wave passes the first criterion,
with correlations of ~0.9 and a 7. value of 0.69 days. It is also
clear that 7. is smaller for WIG, EIG, Kelvin, and MRG
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waves with 1. values of 0.21, 0.29, 0.22, and 0.29 days. These
values broadly resemble previous findings (e.g., Yasunaga
et al. 2019; Adames et al. 2019), where the dominance of
moisture (7. = 0.5) at low frequencies are found. As docu-
mented in Wolding et al. (2020), small values of 7. usually
mean some other process is causing rainfall, leading the 7. to
decrease. In addition, moisture modes are harder to exist if
the convective adjustment is short [see Ahmed et al. (2021)
for more details]. The MJO-W wave is the only exception.
Despite the wave exhibiting 7. larger than 0.5, the correlation
between moisture and precipitation is the lowest of the exam-
ined balanced modes (0.59).

b. Moisture mode criterion 2 (C2): The mode must obey
the WTG approximation

The weak temperature gradient (WTG) approximation in
the column-integrated dry static energy (DSE) budget can be
expressed as

Ve (sv) = (0y), 1

where s = C,T + ¢, v = ui + vj is the horizontal vector wind
field, and Q) is the apparent heating rate. The column-integrated
heating can be expressed in terms of ERAS fields as

(0)) =(Q,) + L,P' +SH', @)
where Q, is the column radiative heating rate, SH is the sur-

face sensible heat flux, and L, is the latent heat of vaporiza-
tion (2.5 X 10° T kg™ 1).
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FIG. 5. As in Fig. 2, but for the MJO-W wave for (a) day —5, (b) day 0, and (c) day +5. Contours
are streamfunction, and the contour interval is 2.0 X 10° m? s~ !, with negative contours dashed.

To pass this criterion, a wave must exhibit a high correla-
tion (~0.9 rounded), and the slope must be within the margin
of 0.9-1.1. In other words, a slope close to ~1 is needed to
guarantee the WTG balance in Eq. (1). From Fig. 6b and
Table 2, we can see that the correlation between column DSE
divergence and Q) is near unity in all the wave types exam-
ined. However, the slope of the linear least squares fit of
the two fields is smaller than ~0.9 in all except the MRG and
TD-like waves. Thus, only these two wave types satisfy the
WTG criterion.

¢. Moisture mode criterion 3 (C3): Moisture must govern
the evolution of MSE

Moisture modes occur when moisture is the main term con-
tributor to MSE. This balance simply states that column water
vapor approximately balances column MSE:

(m) ~L,q)", ®)

where m = s + L,q. The same conditions for the previous cri-
terion are used to assess this one.

P 100 2 g -3 2
slope =0.69+0.004 slope =0.884+0.003 slope =1.06+0.001
R =087 s R =0.96 R =1.00
© 50 0.5 1.5
+
& S
5 0 5 0 1
T =
-4 -100 -1
-4 -2 0 2 4 -100 -50 O 50 100 -1 05 O 0.5 1 -0
P V- (sv) {m)’

FIG. 6. Scatterplots of (a) P’ vs (g)’, (b) V - (sv)’ vs (Q,)’ + L,P’ + SH’, and (c) (m)’ vs (L,q)’ for the TD-like waves. The shading
represents the base-10 logarithm of the number of points within 0.1 mm X 0.1 mm bins in (a), 2 W m~2 X 2 W m™2 bins in (b), and
2.5 10°Jm™2 X 2.5 X 10° J m~2 bins in (c). Anomalies are obtained by regressing all fields against the PC1 (normalized, TD-like) over
the 0°-15°N, 60°-0°W domain. 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.
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TABLE 2. Moisture mode criteria applied to each type of CCWs. The slope of the linear fit and the correlation coefficient (Corr) are
shown in a similar manner to Fig. 6. The values for the Rossby-like mode come from Mayta et al. (2022).

Cl: P’ = (q)’ C2:V - (sv) =~ (Qy) C3: (m) =~ L,(q)’
Slope Corr Result Slope Corr Result Slope Corr Result
WIG 0.21 = 0.005 0.86 X 0.56 = 0.009 0.94 X 1.16 = 0.021 0.92 X
EIG 0.29 = 0.004 0.81 X 0.66 = 0.005 0.93 X 1.15 = 0.006 0.97 X
Kelvin 0.22 + 0.003 0.79 X 0.80 = 0.002 0.99 X 0.71 = 0.009 0.78 X
MRG 0.29 + 0.003 0.77 X 0.85 = 0.004 0.96 v 1.09 = 0.003 0.98 4
TD-like 0.69 = 0.004 0.87 v 0.88 + 0.003 0.96 v 1.06 = 0.001 1.00 v
MJO-W 0.61 = 0.003 0.59 X 0.83 = 0.001 0.95 X 0.68 = 0.001 0.92 X
Rossby-like 1.63 = 0.007 0.96 v 0.99 * 0.002 0.99 v 1.04 = 0.002 0.99 v

From Fig. 6¢, we see that the slope of the linear fit is ~1
for the TD-like wave. The other disturbance that satisfies
this criterion is MRG waves, with a slope value of 1.09
(Table 2).

When all conditions are examined together, we see that
only the TD-like and Rossby-like waves pass the three criteria
and hence can be considered to be moisture modes.

d. N, mode

In addition to the three aforementioned criteria, we can
also estimate the value of Npoqe to classify the existing tropi-
cal waves. N4 1S @ nondimensional scale that measures the
relative amplitude of C,T to L,q; Nyode can be computed as
in Adames et al. (2019):

Ar

N ~ L 4)

mode 2
coT.

where c is the phase speed of a first baroclinic free gravity
wave (c ~ 50 m s~ 1), ¢, is phase speed of the wave, 7, is the
convective moisture adjustment time scale, and 7 = Alc, is
the temporal time scale with A being the wavelength. When
Nmode << 1, moisture governs the thermodynamics of a
wave, resulting in moisture modes, but if Nyoqe = 1, the
thermodynamics of a wave are predominantly driven by ther-
mal fluctuations, resulting in gravity wave. When Npoge =~ 1
the wave will exhibit behavior of both the moisture mode and
gravity wave. Table 3 shows the values of the parameters in
Eq. (4) along with the obtained value of Ny,g.. The largest

TABLE 3. Npoge Values for CCWs. The phase speed (c,) is
calculated by using the Radon transform method [more details
in Mayta and Adames (2021)]. The convective moisture adjustment
time scale (7.) is estimated as the slope of the linear fit in the
scatterplot of Fig. 6. The values for the Rossby-like mode come
from Mayta et al. (2022).

¢, (m sh 7 (days) 7. (days) Nmode
WIG 25.6 2.1 0.21 2.62
EIG 32.5 3.4 0.29 4.95
Kelvin 15.8 6.25 0.22 2.84
MRG 19.5 4.8 0.29 2.52
TD-like 8.0 5.1 0.69 0.18
MJO-W 8.5 28.75 0.61 1.36
Rossby-like 5.4 13.7 1.63 0.10
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value of Noqc is seen in EIG waves, with a value of about 5.
The EIG wave is the only wave type in which Nyeqe is substan-
tially larger than unity and hence temperature fluctuations are
more important than moisture fluctuations in their thermody-
namics, as in pure gravity waves. On the other hand, WIG,
MRG, and the Kelvin waves have Noqe Values near unity,
suggesting that moisture and temperature play comparable
roles in their thermodynamics. With an Nyoq4e value of 1.36,
the MJO-W value is also sufficiently close to unity and may
also be considered a mixed system. Only TD-like waves have
Nmode values that are much smaller than unity (Npege = 0.18).
This is also the only wave that passes the three moisture mode
criteria outlined above.

5. MSE budget

a. MSE budget analysis in reanalysis

The column-integrated MSE budget is defined as in Yanai
et al. (1973):

(% =—(v-Vm) - <w(j$> +(Q,) + L,E +SH', (5)
St

where m = s + L,q is MSE. The left-side term in Eq. (5) is the
MSE tendency. The first and second terms on the right side of
the equation represent horizontal MSE advection and vertical
MSE advection, respectively. The other terms in Eq. (5) are MSE
source terms: the radiative heating rate, surface latent heat flux
L,E, and surface sensible heat flux. In this study, L, E” and SH’
are analyzed together as surface fluxes S%. In addition, following
previous studies (e.g., Andersen and Kuang 2012; Adames 2017;
among others), we estimate the contribution of different processes
to the propagation and maintenance of the CCWs by projecting
each MSE budget term upon the MSE tendency and the MSE
anomalies, respectively, i.e.,

, O IF X a(m)ler|
Proj(F, a(m)/or) = ll6(m)lat X a(m)lot]” (6a)
. _ IIFEX m)l
POl m) =ty Gl (©>)

where F is each individual term in Eq. (5). The term [|-|| im-
plies an areal average from the corresponding lag regressions
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FIG. 7. The larger bottom plot for each panel shows the area-average anomaly terms of the column MSE budget of
Eq. (5):9,(m)’ (dashed black), —(v - Vm)" (green), —(w,m)’ (magenta), (Q,)" (dark orange), and S} (light blue). The
smaller top plot for each panel shows the evolution of the 7}, (gray) and column MSE (light blue). Lag regression of
budget terms are based on PCl time series (normalized) of the corresponding CCWs averaged over 10°S-10°N,
80°-20°W for WIG, EIG, Kelvin, and MJO-W waves; 0°-15°N, 120°~70°W for MRGs; and 0°-15°N, 60°-0°W for

TD-like wave. Anomalies are scaled to one standard deviation PC perturbation of the corresponding CCWs.

described in Fig. 7. The lags used for the calculation represent
a cycle of the corresponding wave. The areas considered are
10°S-10°N, 80°-20°W for WIG, EIG, Kelvin, and MJO-W
waves; 0°-15°N, 120°-70°W for MRGs; and 0°-15°N, 60°W-0°
for TD-like waves. The chosen area represents the region
where the wave is most active.

Figure 7 shows the composite time series of each budget
term in Eq. (5) for the different CCWs. Column-integrated
MSE (m)’ leads convection in fast-propagating waves (WIG,
EIG, and Kelvin), with the fields being nearly in quadrature.
The (m)’ peaking before convection was also documented
during TOGA COARE for high-frequency disturbances (Inoue
and Back 2015). The (m)’ anomalies and convection are also
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evolving in quadrature for the slow-propagating MJO-W wave
(Fig. 7). For balanced MRG, convection is almost in phase with
(m)" (Fig. 7d). A TD-like wave is an exception because ()’
peaks just after the wave (Fig. 7e).

The horizontal advection — (v - Vm)’ exhibits different behav-
iors among the different CCWs. The amplitude of the variations
in —(v - Vm)’ becomes greater as the wave propagates more
slowly. Indeed, —(v - Vm)’ agrees with the tendency of column-
integrated MSE(9,(m)’ in MRG, TD-like, and MJO-W waves
(Figs. 8d-f). It means that on these waves most of the recharge—
discharge cycle of MSE is explained by the —(v - Vm)’, while
the other terms cancel each other out. For fast-propagating
divergent waves (WIG, EIG, and Kelvin), the magnitude of
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FIG. 8. Normalized contribution of the column-integrated right-hand-side terms in Eq. (5) to the (left) propagation
and (right) maintenance of the CCWs. Area-averaged weighted projections are over 10°S-10°N, 80°-20°W for WIG,
EIG, Kelvin, and MJO-W waves; 0°~15°N, 120°-70°W for MRGs; and 0°~15°N, 60°W —0° for TD-like waves.

—(v - Vm)’ is smaller or comparable to the vertical advection.
Analyzing the relative contribution to the propagation, we see
that —(v - Vm)’ is the largest contributor to the propagation of
the MSE in the CCWs, except in Kelvin (Fig. 8e). For the
MJO-W, —(v - Vm)’ also plays the main role in its mainte-
nance (Fig. 8I).

The column-integrated vertical MSE advection —(wd,m)’
also differs among the different CCWs. While the —(v - Vm)’
is the dominant term in rotational modes (MRG and TD-
like), the —(wd,m)’ term is comparable to or even larger than
—(v - Vm)’ in the divergent waves (WIG, EIG, and Kelvin;
Figs. 7a—c). Analyzing the relative importance of the terms in
Eq. (5) to the propagation of MSE shows that —(wd,m)’ plays a
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key role in the propagation of Kelvin waves (Fig. 8e). In the
MJO-W, the —(wd,m)’ plays a similar role to that of — (v - Vi)’
(Fig. 8k).

Column-integrated radiative heating (Q,)’ is approximately
in phase with the convection (or the convection leads slightly)
on all the CCWs. It is nearly in phase with the MSE in the
TD-like wave, where it is the largest contributor to its mainte-
nance (Fig. 8j) but substantially lags it for the other waves.
(Q,)" also plays an important role in the maintenance of
MRG, but it does not play a significant role in the mainte-
nance of MSE in the remaining CCWs.

Finally, surface fluxes S} vary almost out-off phase with
(Q,)" and convection itself on all the CCWs, except on MRG
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FIG. 9. As in Fig. 7, but the lag regression is calculated based on (top) WIG, (middle) Kelvin, and (bottom) MJO-W
filtered T} time series at the GoAmazon base point (3.15°S, 60.6°W). The budget terms evolution from (left) ERAS
and (right) VARANAL. The top plot in each panel shows the evolution of the standardized 7}, (gray), (m)’ (red), and
precipitation (blue). Anomalies are scaled to —4.5 K perturbation in WIG wave, —8.5 K in Kelvin wave, and —5.0 K

MJO-W wave T} at lag 0 and the GoAmazon base point.

waves. Inoue and Back (2015) also showed similar variations
of the surface fluxes and radiative terms with respect to the
MSE tendency in TOGA COARE. Surface fluxes are only
important for MRG wave maintenance (Fig. 8h). In the re-
maining waves, its contribution to either propagation or main-
tenance is either negligible or contributes to decay (TD-like
and MJO-W).

b. MSE budget analysis during GoAmazon 2014/15 field
campaign: A focus on the skill of ERAS

It is well known that analysis increments and misrepresen-
tation of subgrid-scale processes largely contribute to the re-
sidual observed in the MSE budget in reanalysis data, as
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documented recently in Ren et al. (2021). Indeed, significant
budget residuals are seen for most of the CCWs examined
here (Fig. 8). In this section, we compare the MSE budget re-
sults of reanalysis to those from the “observation-based”
MSE budget data collected during the GoAmazon 2014/15
field campaign. The analyses are focused only on three distur-
bances: WIG, Kelvin, and MJO-W waves because these are
the only waves that exhibit a significant amount of variance
over the GoAmazon site (Fig. 1). For the ERAS data, we
used the same grid point of the GoAmazon field campaign
(3.15°S, 60.6°W) and the same 2014/15 period (Figs. 9, 10).
The results from GoAmazon 2014/15 qualitatively agree
with those from reanalysis, although important differences
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are observed in the budget terms. For WIG and Kelvin waves,
(m)” slightly leads T} and precipitation in both datasets (top
panels in Figs. 9a—¢). In MJO-W, (m)’ leads precipitation in
reanalysis (Fig. 9c), but in VARANAL (m)” and precipitation
evolve almost in-phase (Fig. 9f). This suggests that (m)’ is
tightly connected to convection and precipitation itself and
can be used to understand the evolution of the precipitation
anomaly associated with each wave.

The advective terms also exhibit differences between ERAS
and VARANAL. In WIGs, —(v - Vm)’ is approximately in
phase with and of a similar magnitude as the tendency of
column-integrated MSE (9,(rm)") in ERAS. However, the evolu-
tion of —(v - Vm)” in VARANAL is roughly 3 times smaller
than in ERAS (Fig. 9b). The results from VARANAL are more
consistent with the WIG waves documented in the TOGA
COARE data than those from the collocated ERAS data [see
Fig. 2 in Inoue and Back (2015)]. For Kelvin and MJO-W waves,
—(v - Vm)’ shows similar evolution and magnitude.

The behavior of —(wd,m)” also differs in both datasets. For
the WIG and Kelvin waves, even though —(wd,m)’ is similar
in magnitude in ERAS and VARANAL, —(wd,m)’ evolves
in phase with the 9,(m)’ in VARANAL and the other terms
tend to cancel one another. In contrast, —(wd,m)’ and 9,(m)’
are almost in quadrature in ERAS. Last, the —(wd,m)’ in
MJO-W is about twice as large as that in ERAS, although
they are roughly in phase (Fig. 9f).
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Finally, the (Q,)" and S} in both datasets show almost the
same magnitude and phase evolution in WIG, Kelvin, and
MJO-W waves. An exception occurs for the WIG waves,
where S} shows a larger amplitude in VARANAL during
convective evolution (Fig. 9d), while a negligible contribution
in ERAS is observed.

The differences observed between ERAS and VARANAL
in Fig. 9 can be further investigated by projecting each budget
term by using Egs. (6a) and (6b). The bar plots in Fig. 10
show a smaller budget residual in VARANAL data. The
WIG wave is an exception, where a nonnegligible residual is
still observed in its maintenance (Fig. 10b). The residual seen
here may be a result of numerical errors or due to the fact that
the MSE budget is not exact (e.g., Neelin 2007; Randall 2015).
The second difference between ERAS and VARANAL is ob-
served in the advective terms. While the —(v - Vm)’ primarily
propagates the WIG wave in ERAS, —(wd,m)’ plays the main
role in the westward propagation of the wave in VARANAL
(Fig. 10a). Even though Kelvin waves propagate eastward
due to —(wd,m)" in both datasets (Fig. 10c), its contribu-
tion to propagation is much larger in VARANAL. The
MJO-W propagates eastward due to —(wd,m)’ in both
datasets, and the contributions are similar (Fig. 10e). Over-
all, the contribution from —(v - Vm)’ is overestimated
in reanalysis, while the contribution from —(wd,m)’ is
underestimated.
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FIG. 11. Regional wavenumber—frequency power spectrum (contours) of the (a) symmetric and (b) antisymmetric
component of CLAUS T, calculated for 10°N-10°S, 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 Npoqge following a similar procedure of Adames (2022). Blue shading represents tropical systems that can
be categorized as moisture modes, yellow shading can be considered inertio-gravity waves, and white represents
mixed systems. Orange circles approximately represent the average zonal wavenumber and frequency of each CCWs.

6. Summary and conclusions

In this study, we sought to characterize the thermodynamic
processes of convectively coupled waves (CCWs) over the
Western Hemisphere. EOF analysis was applied to filtered
satellite brightness temperature 7, over the Western Hemi-
sphere (10°S-15°N, 120°W-0°), considering the region of
maximum variance of each CCW (Fig. 1). The composite dy-
namical structures and convection of CCWs depict an evolu-
tion that agrees with previous observational studies of tropical
waves over other locations (e.g., Takayabu 1994; Wheeler and
Kiladis 1999; Wheeler et al. 2000; Straub and Kiladis 2002;
Kiladis et al. 2005; Yang et al. 2007; Kiladis et al. 2009, 2016;
Mayta et al. 2021).

By using the three criteria to identify moisture modes, we
demonstrated that the TD-like wave may be considered a
moisture mode (Fig. 6 and Table 2), similar to the Rossby-like
wave documented recently in Mayta et al. (2022). These
waves also exhibit an Np,oq. parameter (Adames et al. 2019;
Adames 2022) that is much smaller than unity, another re-
quirement necessary to categorize a wave as a moisture mode.
Our results indicate that slowly evolving rotational tropical
waves are likely to be moisture modes, as Adames (2022) pos-
ited. These features can also be clearly discerned from Fig. 11a
where Rossby-like and a large portion of the TD-like waves
spectrum fall into the moisture mode category. These results
are consistent with Inoue et al. (2020), who also indicated that
equatorial Rossby waves and TD-like waves have characteris-
tics of moisture modes (see their Fig. 7).
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We also found that EIG waves are the only CCW in the
Western Hemisphere whose thermodynamics are dominated
by temperature fluctuations. It exhibits the fastest phase
speed at 32.5 m s~ and an Nyode value of ~5.0 (Table 3). Itis
the only wave that falls into the gravity wave end of the spec-
trum shown in Fig. 11b.

None of the remaining waves, the Kelvin, WIG, MRG, and
MJO-W, satisfy the three criteria necessary to be categorized
as moisture modes and exhibit N,,,q. Values that are close to
unity (ranging from 1.36 to 2.84). Thus, most of the CCWs
explored over the Western Hemisphere are mixed systems in
which temperature and moisture play comparable roles in
their thermodynamics (see white dispersion in Fig. 11). It is
particularly noteworthy that the MJO-W wave does not sat-
isfy the criteria to be considered a moisture mode. As shown
in Fig. 11a, the power spectrum is centered in wavenumbers
~1-2 and falls within the region of the spectrum where Nyode
is near unity, supporting our finding that the MJO-W is a
mixed system with intermediate properties of moisture mode
and gravity and/or Rossby waves (Adames and Maloney 2021;
Adames 2022). These results are in agreement with Powell
(2017), who suggested that MJO variability exhibits moisture
mode behavior only over the Indo-Pacific warm pool region.
More work is currently being done to assess the characteristics
of the MJO throughout the globe.

The processes that govern MSE evolution also differ among
CCWs. The column-integrated vertical MSE advection — (wd,m)’
was identified as the primarily contributor to the MSE propagation
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in most of all divergent wave types (WIG, Kelvin; Figs. 7, 9) as well
as the MJO-W wave. The horizontal MSE advection —(v - Vm)’,
on the other hand, is the most important budget term contributor
to the propagation in rotational disturbance types such as MRG
and TD-like waves.

We compared the results from ERAS with observational
data from the VARANAL GoAmazon 2014/15 field cam-
paign. Analyses of the MSE budget terms of the WIGs, Kel-
vin, and the MJO-W waves revealed differences between
ERAS and VARANAL data. In all three CCWs examined,
the role of vertical MSE advection in MSE propagation is sig-
nificantly underestimated. This difference is especially notable
in WIG and Kelvin evolution where the VARANAL and
ERAS data disagree on whether horizontal or vertical MSE
advection drives MSE propagation. Based on these results,
we can conclude that ERAS severely underestimates the role
of vertical MSE advection in CCWs in the Western Hemi-
sphere. This result may partially explain the budget residuals
we found in ERAS data.

In conclusion, our results show a diversity in CCWs in the
Western Hemisphere. We see evidence for both equatorial and
off-equatorial moisture modes, as recently suggested in Adames
(2022). We also found evidence for mixed systems where tem-
perature and moisture play the same role. Results also suggest
that the MJO over the Western Hemisphere behaves like a
Kelvin wave, both having intermediate properties between the
gravity wave and moisture mode. We also found major dis-
agreements between reanalysis and observation-based datasets,
suggesting major deficiencies in reanalysis. This may be due to
limitations in convection representation but also from a lack of
in situ observations in the region (Diniz et al. 2020). Future
work should seek to address a large residual observed in the
MSE budget in the reanalysis dataset. It should include the
evaluation of the accuracy of applying MSE budgets to under-
stand the thermodynamics of tropical motions.
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