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ABSTRACT: Longstanding climate model biases in tropical precipitation exist over the east Pacific (EP) Ocean, espe-
cially during boreal winter and spring when models have excessive Southern Hemisphere (SH) precipitation near the inter-
tropical convergence zone (ITCZ). In this study, we document the impact of convectively coupled waves (CCWs) on EP
precipitation and the ITCZ using observations and reanalyses. We focus on the months when SH precipitation peaks in ob-
servations: February–April (FMA). CCWs explain 93% of total precipitation variance in the SH, nearly double the percent
(48%) of the NH during FMA. However, we note that these percentages are inflated as they inevitably include the back-
ground variance. We further investigate the three leading high-frequency wave bands: mixed Rossby–gravity waves and
tropical depression–type disturbances (MRG–TD type), Kelvin waves, and n 5 0 eastward inertia–gravity waves (IG0).
Compared to their warm pool counterparts, these three CCWs have a more zonally elongated and meridionally narrower
precipitation structure with circulations that resemble past observational studies and/or shallow water theory. We quantify
the contribution of all CCWs to four different daily ITCZ “states”: Northern Hemisphere (NH) (nITCZ), SH (sITCZ),
double (dITCZ), and equatorial (eITCZ) using a new precipitation-based ITCZ-state algorithm. We find that the percent
of total precipitation variance explained by each of the CCWs is heightened for sITCZs and eITCZs and diminished for
nITCZs. Last, we find that nITCZs are most prevalent weeks after strong CCW activity happens in the NH, whereas
CCWs and sITCZs peak simultaneously in the SH.

SIGNIFICANCE STATEMENT: Convectively coupled atmospheric waves (CCWs) are a critical feature of tropical
weather and are an important source of precipitation near the region of highest precipitation on Earth called the inter-
tropical convergence zone (ITCZ). Given three decades of climate model biases in CCWs and ITCZ precipitation
over the east Pacific (EP) Ocean during spring, few studies have examined the relationship between CCWs and the
springtime EP ITCZ. We explored the CCWs and EP ITCZ relationship through calculations of the percent of precipi-
tation that comes from CCWs. A significant portion of the tropical precipitation is associated with CCWs during spring.
CCWs are even more impactful when the ITCZ is in the SH or on the equator, which are both problematic in climate
models.
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1. Introduction

A major proportion of global precipitation falls within the
tropics, confined near the equator, where the northeasterly
and southeasterly winds create a confluence zone called the
intertropical convergence zone (ITCZ). The ITCZ represents
the ascending branch of the Hadley circulation, which acts to
balance Earth’s energy by redistributing surplus heating to
higher latitudes. It is well known that precipitation in the
equatorial belt does not occur randomly but is often organized
by large-scale convectively coupled waves (CCWs) within a

few degrees of latitude of the ITCZ (Kiladis et al. 2009). We use
the term “CCW” here, which encompasses convectively coupled
Kelvin, equatorial Rossby (ER), mixed Rossby–gravity (MRG),
n 5 0 eastward inertia–gravity (IG0), and n 5 1 inertia–gravity
(IG1) waves (Blandford 1966; Matsuno 1966) as well as tropi-
cal depression (TD)-type disturbances (Takayabu and Nitta
1993) and the Madden–Julian oscillation (MJO; Madden and
Julian 1971, 1972). We note that TD-type waves correspond to
so-called easterly waves. Matsuno (1966) predicted the exis-
tence of all the waves mentioned above except the TD types
and the MJO.

Due to the multiscale nature of CCWs in addition to their
strong convective coupling, they continue to be severely mis-
represented in Earth system models (Hung et al. 2013; Guo
et al. 2015; Heath et al. 2021; Judt and Rios-Berrios 2021;
Bartana et al. 2022). Hung et al. (2013) and Guo et al. (2015)
showed that high-frequency CCWs (i.e., Kelvin, MRG, IG0,
and IG1 waves) are generally too weak and low-frequency
CCWs (i.e., ER waves and the MJO) are too strong in Earth
system models, often referred to as being overly reddened at
all scales including the power spectrum (Lin et al. 2006). At
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the same time, Earth system models have long suffered from
tropical precipitation biases in the ITCZ, especially over the
Atlantic and east-central Pacific Ocean basins, often referred
to as the “double-ITCZ” bias (Mechoso et al. 1995; Lin 2007;
Wang et al. 2015; Zhang et al. 2015; Adam et al. 2016; Si et al.
2021). In many models with double-ITCZ biases, there is too
much precipitation in the Southern Hemisphere (SH) and not
enough precipitation in the Northern Hemisphere (NH) dur-
ing boreal winter and spring (Wang et al. 2015; Song and
Zhang 2019). To what extent ITCZ precipitation variability
can be explained by variability in CCWs, especially over re-
gions such as the east Pacific (EP) Ocean and during months
when ITCZ biases are largest, has yet to be fully explored.

The EP ITCZ is a particularly unique sector of the global
ITCZ, with a relatively narrow region of zonally elongated
clouds and precipitation that stays north of the equator most
of the year and to the north of the strongest meridional sea
surface temperature (SST) gradients (Yin and Albrecht 2000;
Raymond et al. 2003; Wang and Magnusdottir 2006). How-
ever, during boreal spring [February–April (FMA)], the ITCZ
recedes southward to its most equatorward position with rela-
tively shallow convection (Huaman and Takahashi 2016), and
often a second ITCZ appears in the SH. The presence of one
ITCZ in each hemisphere is often referred to as a double
ITCZ (Hubert et al. 1969; Zhang 2001; Gu et al. 2005). How-
ever, a double ITCZ does not occur consistently during FMA
due to large subseasonal variability in ITCZ position (Henke
et al. 2012; Haffke et al. 2016; Gonzalez et al. 2022) and strong
interannual variability due to El Niño–Southern Oscilla-
tion (ENSO; Yang and Magnusdottir 2016). Due to these
strong variations in ITCZ position during FMA over the
EP and the documented relationships between CCWs and
the ITCZ, the relationship between precipitation variabil-
ity of the ITCZ and CCWs has been understudied and de-
serves further analysis.

Variability in the EP ITCZ can often be explained by undu-
lations in its zonally elongated convection into convective sys-
tems that are associated with zonally propagating CCWs
(Ferreira and Schubert 1997; Roundy and Frank 2004; Frank
and Roundy 2006; Wang and Magnusdottir 2006; Kiladis et al.
2009; Huang and Huang 2011; Lubis and Jacobi 2015).
Among all the CCWs, studies have observed that the influ-
ence of Kelvin waves on precipitation peaks over the EP near
the equator during all months of the year (Roundy and Frank
2004; Frank and Roundy 2006; Kiladis et al. 2009; Huang and
Huang 2011; Huaman et al. 2020; Cheng et al. 2022). Kim and
Alexander (2013) analyzed the CCW variability using the
Tropical Rainfall Measuring Mission dataset and showed that
during March–April, the precipitation variances over the EP
are dominated by westward-propagating high-frequency waves.
Apart from these, Lubis and Jacobi (2015) documented that the
combination of Kelvin, ER, TD type, and MRG waves contrib-
uted up to 20% of the total intraseasonal precipitation during
November–April within 108S–108N in the EP.

Considering the highly variable ITCZ behavior in the EP
during FMA, the goal of this study is to analyze the interac-
tion between tropical precipitation and CCWs during those
months. We hypothesize that CCWs explain a significantly

higher percentage of the variance in SH convection over the
EP, especially during boreal spring when SH precipitation is
present in observations. We expect that certain configurations
of the ITCZ (e.g., when precipitation is amplified south of the
equator) are largely due to CCWs propagating into the region
from South America or the west-central Pacific Ocean
(Mapes et al. 2003; Mayta et al. 2021). To link CCWs to the
ITCZ more directly, we develop a new, precipitation-based
ITCZ identification algorithm on daily time scales that com-
plements similar datasets created by Henke et al. (2012) and
Haffke et al. (2016). Although there are numerous metrics
used to diagnose changes in ITCZ position, width, and inten-
sity (Byrne et al. 2018), such as zonally elongated clouds in
satellite imagery (Wang and Magnusdottir 2006; Bain et al.
2011; Henke et al. 2012; Haffke et al. 2016) and boundary
layer convergence maxima (Berry and Reeder 2014; Wodzicki
and Rapp 2016; Weller et al. 2017), we focus on precipitation
in this study because of its wide use in diagnosing both CCW
and ITCZ biases.

The paper is organized as follows: the datasets and methods
used are described in section 2, the results are presented in
section 3, and last, the results are summarized in section 4.
Comments regarding potential future work are also provided
within section 4.

2. Data and methods

a. Observational and reanalysis datasets

Bilinear interpolated 1.08 3 1.08 daily accumulated precipi-
tation rates were obtained from NASA’s Integrated Multi-
satellitE Retrievals for GPM (IMERG) for the years 2001–21
(Huffman et al. 2015). The interpolated grid spacing is coarser
than the native output (0.18 3 0.18) but is sufficient to capture
the large-scale wave structure. For atmospheric dynamics
fields such as geopotential heights, streamfunctions, and zonal
and meridional wind, we used daily averaged 1.08 grid spaced
data from the European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis, version 5 (ERA5), for 2001–21
(Hersbach et al. 2020). We eliminate the smoothed seasonal cycle
from the ERA5 and IMERG anomalies by removing the first
four harmonics at each grid point based on the daily climatology
between 2001 and 2021.

b. Wave-type filtering for CCWs

We employ space–time spectral analysis on the IMERG
daily precipitation anomalies following the general methods
in Wheeler and Kiladis (1999). Regional (508–1708W) spectra
are produced by applying a Hann window that tapers the
IMERG data using a cosine weighting from a maximum at
the domain center (i.e., 1108W) to zero at the edges of the do-
main as done in Dias and Kiladis (2014). Furthermore, raw
January through April (JFMA) spectra are produced one
year at a time and then averaged over all years during the
2001–2021 time frame.

For each JFMA season (120 or 121 days total), three 80-day
spectra are produced with 60-day successively overlapping seg-
ments for a total of three segments per season (i.e., days 1–80,
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21–100, and 41–120). Unlike in Wheeler and Kiladis (1999),
we do not divide by a smoothed background spectrum to iden-
tify statistically significant spectral peaks. This is done in part
to reduce information loss, such as slow-moving Kelvin waves,
that may occur when removing a smoothed background (e.g.,
Roundy 2020). Furthermore, examining the raw power spec-
trum eliminates potential ambiguities associated with the choice
of background time scale (i.e., seasonal or annual). For exam-
ple, dividing the JFMA spectra by the background for annual
data would lower the significance of TD-type waves, given that
these phenomena are associated with higher power in the
boreal summer and are included in the year-round data
(e.g., Hollis et al. 2023).

Figure 1 shows the 108S–108N average of the log10 of the
symmetric and antisymmetric raw power spectra for JFMA
2001–21 over the EP (508–1708W). It should be noted signals
in low wavenumbers must be viewed with caution as we can-
not fully resolve zonal wavenumber 3 or smaller due to our
limited 508–1708W domain. In the symmetric mode, the larg-
est power is observed within the Kelvin wave dispersion lines
followed by ER waves and in the MJO region. We also iden-
tify regions of enhanced power for westward traveling waves
at higher frequencies that include our combined MRG–TD-
type waves. For the antisymmetric mode, noticeable power
appears within the dispersion curves for the combined MRG–

TD-type waves and somewhat for IG0 waves.
A sensitivity analysis was performed using additional sea-

sons to observe any differences in power within the analysis
domain. For example, a seasonal analysis of July through
October (JASO) from 158S to 158N showed differences from
JFMA with a notable reduction of relative power within the

Kelvin wave dispersion lines and less relative power in
the ER and IG1 regions for the symmetric mode (Fig. 1a in
the online supplemental material). The antisymmetric mode
meanwhile showed stronger relative power within the middle
of the combined MRG–TD-type region for JASO when com-
pared to JFMA (supplemental Fig. 1b). Despite differences,
we limit our analysis to the JFMA spectra when choosing
boundaries to filter CCWs given our focus on the FMA ITCZ,
which are identified in Table 1.

c. Variance calculation

The percent variance of total precipitation associated with
each CCW filter wave band at a given point has been calcu-
lated to understand the CCW’s influence on total precipita-
tion. The variance calculation technique has been adopted
from Schreck et al. (2013). The IMERG anomalies, already
having their first four harmonics removed, are divided by their
standard deviation (s) at each grid point. The standardized
anomalies are further filtered for the wavenumbers, frequen-
cies, and equivalent depths associated with each wave-type

FIG. 1. Wavenumber–frequency power spectrum of the (a) symmetric and (b) antisymmetric components of IMERG precipitation
anomalies for January through April 2001–21 over the EP (108S–108N, 508–1708W). The dispersion curves for Kelvin, MRG, and IG0
waves are plotted for equivalent depths of 8, 12, 25, 50, and 90 m. For the ER wave, the dispersion curves are for equivalent depths 1, 8,
12, 25, 50, and 90 m. Last, for IG1, the curves are for depths 12 and 25 m. Heavy solid boxes indicate the wavenumber vs frequency filter-
ing for each CCW used in this study (see Table 1). Gray shading indicates wavenumbers that are not fully resolved given the longitudinal
trimming applied to calculate the regional power spectrum.

TABLE 1. Spectral window and equivalent depth used to filter
CCWs.

Wave Wavenumber Period Depth

Kelvin 1 to 14 2.5 to 14 days 8 to 90 m
IG0 0 to 14 0.5 to 5.3 days 8 to 90 m
MRG–TD type 220 to 21 2.5 to 10 days None
ER 210 to 21 10 to 96 days 1 to 90 m
MJO 0 to 10 20 to 70 days None
IG1 215 to 21 0.5 to 3 days 12 to 50 m
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filtering domain as described in Table 1. The variance with
respect to the time dimension of the filtered data classifies as
the fraction of the total precipitation variance associated with
each wave-type filter band at each grid point. It is important
to note that we must be careful while interpreting these val-
ues as they technically represent the fraction of the total vari-
ance that falls within a given wave filter domain and not
simply the fraction of the total variance associated with a
given wave type.

d. Lagged regression and estimates of wave properties

To produce the composite dynamical structure correspond-
ing to the CCW-filtered precipitation, we applied lagged lin-
ear regression techniques from Wheeler et al. (2000) and
Kiladis et al. (2009). For regression, we consider the whole
FMA season instead of a time frame when the discrete signal
of variance is present. The motivation behind this is that we
are interested in quantifying the presence of CCWs over the
entire season regardless of weak or strong signals. In doing so,
we correlate and regress the space–time filtered anomalies of
precipitation, horizontal winds, and either geopotential or
streamfunction of a particular CCW band against its space–
time filtered precipitation anomalies at a base point in each
hemisphere. The base point is subjectively chosen where a sig-
nificant amount of variance for the filtered CCW is present.
The linear dependence of wind and precipitation anomalies
with respect to the CCW anomalies are calculated using a
15 mm day21 precipitation anomaly at our chosen base point.
We estimate integer zonal wavenumber (K), phase velocity
(Cp), and wave period (P) for each CCW by analyzing longitude
plots of precipitation anomalies at the base-point latitude for
each time lag. The integer zonal wavenumber is measured by first
estimating the wavelength (l) and using K5 (2pacosf)/l,
where f is the base-point latitude. The wavelength is estimated
by taking the average zonal distance from the peaks of the wave
at lag 0. The phase velocity is measured by taking the average
zonal distance traveled by the peaks of the wave in 4 days for
Kelvin waves and 2 days for IG0 and MRG–TD type and divid-
ing it by the total number of days. To calculate wave period, we
use the formula P 5 2pa/(CpK), where a is Earth’s radius. One
point to make is all of the waves can be considered “wave
packets” and composed of a combination of zonal wavenumbers
because none of them are circumglobal.

e. Statistical significance

The wave-filtered precipitation and the dynamical fields for
lag regression at our chosen base point are 95% significant.
The statistical significance has been calculated at the a 5 0.05
level and is assessed at each grid point by using the field signifi-
cance test of Wilks (2016), which accounts for spatial autocorrela-
tion by controlling the false discovery rate. The method computes
the latitude-weighted p value for all grid points, sorts them in as-
cending order, and sets a new threshold p value (p*FDR, in Wilks
2016) based on the distribution of p values. The local null hypoth-
eses are rejected if the respective p values are smaller than the
p*FDR.

f. Daily East Pacific ITCZ states

The latitudinal location of the ITCZ, or ITCZ state, over
the EP Ocean region (208S–208N, 908–1358W) is determined
from daily IMERG precipitation. We adopt the same ITCZ
states as in Haffke et al. (2016): double ITCZ (dITCZ), NH
ITCZ (nITCZ), SH ITCZ (sITCZ), absent ITCZ (aITCZ),
and equatorial ITCZ (eITCZ). We first apply a five-point
running mean in the zonal direction to global IMERG precip-
itation data, which allows for better characterization of the
ITCZ state on such short time scales. Note that no running
mean is applied in time or in latitude, and this is critical for
capturing what is often a latitudinally confined and highly
transient ITCZ.

We analyze one longitudinal grid point at a time as a func-
tion of latitude to determine occurrences of ITCZ states over
the entire longitudinal domain. From this, the most dominant
ITCZ state is selected and applied for the entire domain for
each daily time stamp. In a similar vein as Hwang and Frierson
(2013) and Adam et al. (2016), we compute three latitudinally
averaged precipitation metrics: (i) NH precipitation (prNH),
(ii) equatorial precipitation (prEQ), and (iii) SH precipitation
(prSH). Each of the three metrics is normalized by the 60th
percentile of the 908–1358W-averaged precipitation for that
particular day. We use the 60th percentile as the normalized
precipitation threshold because this allows for the closest spa-
tial pattern and ITCZ-state percentage agreement with the
Haffke et al. (2016) GridSat infrared (IR) satellite imagery
ITCZ states, as will be seen in the results. Using the 70th
percentile as the threshold yields an unrealistically large
percentage of aITCZs and much smaller percentages of all
other ITCZ states and vice versa for the 50th percentile.
We determine whether each precipitation metric is “strong”
or “weak” based on whether or not it is greater than or
equal to 1. Table 2 shows the eight possible combinations
of strong and weak designations for our three precipitation
metrics.

One notable difference is expected between our precipita-
tion-based ITCZ states and those from the GridSat infrared
(IR) imagery algorithm of Henke et al. (2012) and Haffke
et al. (2016). We define an absent ITCZ when the tropical
precipitation signal is weak in all three of our precipitation
metrics while Haffke et al. (2016) defines an absent ITCZ as
when there is “no zonally organized convection zone on either

TABLE 2. ITCZ-state decision table based on three precipitation
metrics: (i) NH precipitation (prNH; 28–208N), (ii) equatorial precipitation
(prEQ; 18S–18N), and (iii) SH precipitation (prSH; 28–208S).

prNH prEQ prSH ITCZ state

Strong Weak Weak nITCZ
Strong Strong Weak nITCZ
Weak Weak Strong sITCZ
Weak Strong Strong sITCZ
Strong Weak Strong dITCZ
Weak Weak Weak aITCZ
Weak Strong Weak eITCZ
Strong Strong Strong eITCZ
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side of the equator.” This implies strongly precipitating zon-
ally asymmetric systems, such as CCWs, may be placed into
the GridSat infrared (IR) imagery-based ITCZ-state algo-
rithm as aITCZ but not in our precipitation-based ITCZ-state
algorithm. We believe that this important distinction allows
us to use our precipitation-based daily ITCZ states to more
effectively document the relationship between CCWs and
ITCZ states in this study.

3. Results

a. Seasonal variability of CCWs over the eastern
Pacific Ocean

Figure 2 shows the spatial variability of deseasonalized pre-
cipitation variance over the EP for FMA, May–July (MJJ),
August–October (ASO), and November–January (NDJ).
During MJJ and ASO, the most intense and extensive precipi-
tation activity occurs in the NH, away from the equator and
north of 58N (Bain et al. 2010; Haffke et al. 2016; Huaman
and Schumacher 2018). The precipitation variance drops off
during the NDJ season but remains relatively strong north of
58N (supplemental Fig. 2). During NDJ and especially FMA,
noticeable precipitation variance shows up south of the equa-
tor. At the same time, the NH precipitation variance weakens
and moves equatorward. The southern branch of ITCZ is

visible from February to May but it is most intense in March
(supplemental Fig. 2). The existence of precipitation variance
in both hemispheres during boreal spring represents the well-
known double ITCZ of the EP (Zhang 2001; Gu et al. 2005;
Huaman and Takahashi 2016).

Given that the deseasonalized precipitation variance is al-
ways smaller in the SH than in the NH, we focus on investi-
gating the impact of CCW variance associated with any given
filtered wave band during the FMA season, when the largest
SH precipitation variance occurs. Before exclusively concen-
trating on the FMA season, we determine the season when
most, if not all, filtered CCWs that fall within the frequency–
wavenumber range defined by the filter band of the respective
waves have the largest impact on the total precipitation vari-
ance through the percent or fractional variance (Schreck et al.
2013). One important caveat of the calculation is these frac-
tional variances are overestimates of the true variance and
that the variances explained by each wave filter band are
strongly dependent on the size and location of each filter
box. For example, boxes of equal frequency intervals will au-
tomatically have more variance at lower frequencies and
wavenumbers due to the “redness” of the background spec-
trum in each wave domain.

Figure 3 shows the seasonal variation for the percent variance
of each CCW filter band spatially averaged over 158S–158N and

FIG. 2. Daily IMERG deseasonalized precipitation variance at 3-month intervals (2001–21) from 758 to 1358W.Variance less than 3 (mm day21)2

are omitted.

FIG. 3. Percent of total precipitation variance explained by the indicated filter bands of each
wave type over the EP (758–1358W) from 2001 to 2021 averaged between 158N and 158S during
FMA, MJJ, ASO, and NDJ.
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758–1358W. The seasonal cycles of all the waves are relatively
similar in the EP in that they explain the most variance during
FMA (55.7%; Fig. 3) and least during NDJ (17.1%; Fig. 3) or
ASO (16.8%; Fig. 3). We infer that these results are likely due to
the standard deviation of daily anomalous precipitation being
larger in the NH than near the equator or in the SH.

The Kelvin filtered wave band has the maximum impact on
precipitation during FMA (10.5%) and minimum impact dur-
ing ASO (2.8%; Fig. 3), which is in broad agreement with to-
tal column precipitable water results from Roundy and Frank
(2004). Kelvin wave activity from our results is roughly similar
to Lubis and Jacobi (2015), where they used outgoing long-
wave radiation data to show that tropical precipitation is
strongly impacted by Kelvin waves during boreal spring. In
our results, during MJJ and ASO (extended boreal summer
season), the combined percent variance explained by Kelvin
filtered wave band is lower than NDJ and FMA (extended bo-
real winter) and shifts northward with little to no precipitation
activity in the SH during later months (Lubis and Jacobi
2015). One possible explanation for the strongest percent pre-
cipitation activity over the EP occurring during boreal spring
is because Kelvin wave activity is more equatorially trapped
compared to most other CCWs and thus, it more readily fol-
lows the ITCZ when the ITCZ is near the equator in both

hemispheres (Masunaga 2007; Kiladis et al. 2009; Huang and
Huang 2011). In addition, during northern winter, some of the
eastward Kelvin filtered variance is due to extratropical
Rossby waves that intrude into the westerly duct (Huaman
et al. 2020; Cheng et al. 2022).

The spatial distribution of percent variance associated with
each CCW filtered band in Figs. 4a–f shows the influence of
wave activities during FMA. Figure 5 involves NH versus SH
spatial averaging of the FMA CCW filtered band percent vari-
ance over our focused EP region (758–1358W). In Fig. 5, the
tropics have been divided into a NH (08–108N) and SH
(08–108S) region over the EP. Precipitation variability in the
SH is dominated by CCWs, resulting in 93.3% of the total var-
iance. Figures 4a–f, showing the spatial distribution of CCW
filtered percent variance over the EP during FMA, support
this notion in that the waves are far more active in the SH
than the NH during FMA. At the same time, the map plots
highlight the importance of CCW activity in the region just
north of the equator but south of the main FMA precipitation
band in Fig. 2a. The impact of Kelvin, IG0, and MRG–TD-
type wave-band filtered precipitation on the total precipita-
tion is predominantly higher than other wave bands in both
hemispheres (Fig. 4). However, this is likely impacted by the
large spectral size of their filter bands.

FIG. 4. Percent of total precipitation variance that falls within (a) Kelvin, (b) IG0, (c) MRG–TD type, (d) ER, (e) MJO, and (f) IG1 fil-
tered wave band during FMA from 2001 through 2021. The black dashed lines enclose the EP region used in Fig. 3. Note the different
scaling of the color bars.
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While Fig. 4d shows similar results for the ER wave band,
the most enhanced ER wave influence is found in the SH
away from the equator. During December–February, east-
ward and westward-propagating disturbances can be excited
by extratropical Rossby waves, and the change in static stabil-
ity due to the intrusion of high potential vorticity can excite
equatorially trapped Rossby modes (Kiladis 1998). ER waves
are most active during November–April in the Asian mon-
soon region and the southwestern Pacific Ocean (Lubis and
Jacobi 2015) and thus not as potentially important to tropical
precipitation over the EP as these other regions. At the same
time, Fig. 3 shows that ER filtered wave bands contribute
most strongly to fractional precipitation variance during FMA.

The IG0 filtered wave appears as one of the three most
prominent CCWs in terms of the anomalous precipitation
percent variance during FMA (Fig. 3); however, there are a
limited number of studies on IG0 wave observations, partly
because IG0 waves can propagate with accompanying MRG
waves or other CCWs (Kiladis et al. 2016). Kiladis et al.
(2016) used an empirical orthogonal function approach and
found evidence that the MRG–IG0 activity is enhanced when
there is minimum equatorial SST and a strong double ITCZ
(Hendon and Liebmann 1991) while noting this pattern is dis-
rupted during El Niño years. However, other studies have
shown that MRG waves always have a weak impact on EP
precipitation regardless of the season (Kiladis et al. 2009;
Horinouchi 2013).

The contribution of the MRG–TD-type filtered wave band ex-
plains the greatest precipitation variance in all seasons (Fig. 3)
and is more than twice as large in the SH as in the NH (Fig. 5).
The profound activity of the MRG–TD-type wave band, espe-
cially in the SH, can be linked to the fact that TD-type disturban-
ces are strongest when the most active ITCZ convection happens
(Kiladis et al. 2009). Our results show the MRG–TD-type
wave-band filtered variance is stronger away from the central
American coast (Fig. 4c), which suggests that local east Pacific
processes (e.g., ITCZ breakdown and the upscale growth of
mesoscale convective systems) might play a role in exciting

TD-type disturbances locally as the Atlantic Ocean connection
is weaker (Mapes et al. 2003; Wang and Magnusdottir 2005).
At the same time, given that tropical cyclogenesis does not oc-
cur during FMA, any tropical disturbances formed during
FMA must be limited by unfavorable environmental condi-
tions, such as cool SSTs or a dry low to midtroposphere. More-
over, Frank and Roundy (2006) found a weak relationship
between MRG–TD wave activity and cyclone formation in the
northeastern Pacific. These results give a possible explanation
for the strongest MRG–TD-type filtered wave-band activity
during FMA since we did not find such a feature of tropical
cyclogenesis formation from the MRG–TD-type disturbances
in section 3b.

The MJO and IG1 filtered waves show less precipitation ac-
tivity during FMA (Figs. 3 and 4) likely due to their smaller
spectral wave bands. IG1 filtered waves often propagate west-
ward within the MJO envelope over the Indo-Pacific warm
pool, and possibly that is why both have a relatively weak sig-
nal over the EP regardless of the season (Fig. 3) (Kiladis et al.
2009). The relatively enhanced MJO activity during FMA cor-
responds to the fact that MJO is far more active in the SH
than in the NH (Frank and Roundy 2006). The MJO wave-
filtered fractional variance shows different results from actual
variance in Zhang and Dong (2004), where they found the
MJO variance peaks during boreal summer over the EP.
Other studies showed that MJO propagation from the west-
ern to EP is not continuous, and warmer SSTs along with
weak mean zonal flow induce MJO activity during boreal
summer (Knutson and Weickmann 1987; Maloney and Kiehl
2002; Zhang and Dong 2004).

b. Spatial and temporal variability of leading high
frequency CCWs

In this section, the FMA time-lagged composite of precipitation
and dynamical fields of the three leading high frequency CCWs
(Kelvin, IG0, and MRG–TD-type) are analyzed. Together these
waves explain the majority of the total CCW-filtered precipita-
tion variance and we thus only present their composites in the

FIG. 5. Percent of total precipitation variance explained by each wave filter band over the EP
(758–1358W) from 2001 to 2021 averaged between 08–108N and 08–108S and for FMA denoted
by the red and blue bars, respectively.
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following analysis. We note that the fraction variance calculation
cautions in the last section apply much less to the regression ap-
proach used here since the assumption is that the background,
although red, is truly random and should have minimal impact on
the “signal” associated with the spectral peaks. Another motiva-
tion for further inspecting these three CCWs is that they are high-
frequency CCWs highlighted as underestimated in Earth system
models (Guo et al. 2015). Note that the other high-frequency
CCW, IG1, is not analyzed further because its wave band is not
fully captured in daily data (see Fig. 1).

1) KELVIN WAVES

Figure 6 shows the regressed precipitation anomalies, asso-
ciated 850- and 200-hPa wind, and geopotential height at the
NH base point (58N, 1058W). Two days before the peak in
convection, the positive precipitation anomaly signal is centered
at about 1308W, and the precipitation and dynamical signals
move eastward in subsequent lags. The wavenumber and phase
velocity have been calculated following themethodology described
in section 2d. In both hemispheres, the waves have an esti-
mated zonal wavenumber of 6–7, phase velocity of approxi-
mately 17–18 m s21, and a period of approximately 4 days
(0.25 cycles per day), which is consistent with the strong power
shown in Fig. 1.

As anticipated based on equatorial wave theory (Matsuno
1966; Gill 1980), the horizontal winds at 850 hPa are mostly
zonal at each of the three lags. On a broad scale, the lower
tropospheric height and wind pattern have an in-phase rela-
tionship and are nearly symmetric about the equator similar
to the theory (Kiladis et al. 2009). Heights are low with easter-
lies east of the maximum precipitation and high height with
westerlies west of it as predicted by the theory (see Fig. 3f of
Kiladis et al. 2009), even though the stronger convective por-
tion of the wave is significantly north of the equator. This pat-
tern of near symmetry of the dynamical fields about the
equator associated with off-equatorial strong convective sig-
nal in NH is also seen in March–May (Huaman et al. 2020)
and in June–August (Straub and Kiladis 2002, 2003). Close to
the maximum positive precipitation anomalies, the meridional
wind component becomes relatively large, and southerlies
feed into the region of active convection primarily from the
equatorial side. For the negative precipitation anomalies,
we see relatively strong meridional divergence both on the
poleward and equatorial sides. On day 12, the Kelvin wave
reaches South America with strong west-southwesterlies near
the maximum precipitation anomaly but little to no signal to
the east as the topography acts as a barrier for convective and
dynamical fields propagation (Matthews 2000). The Kelvin
wave propagates slightly faster over the EP and slows down

FIG. 6. Maps of Kelvin wave-band filtered precipitation (shading), geopotential height (contours) and wind (vectors) anomalies associ-
ated with the Kelvin wave-band filtered precipitation at the base point 58N, 1058W for day 22, day 0, and day 12 for (a)–(c) 850 and
(d)–(f) 200 hPa. Geopotential height contours start at625 m and the interval is 5 m with negative contours dashed. Shading and contours
indicate regions significant at the 95% level. Wind vectors are plotted only where either the u or y component is significant at the 95%
level or greater, with the largest wind vector as shown in the top-right corner. Every third vector is shown for readability.
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as it reaches South America in later lags (not shown) because
of strong convection associated with South America’s topog-
raphy (Mayta et al. 2021). The theoretical Kelvin wave on the
equatorial b plane is encompassed entirely by a zonal compo-
nent of wind, but in the real atmosphere, extratropical Rossby
wave–like components can initiate a moist Kelvin wave cou-
pling with a significant meridional wind component (Wang
and Rui 1990; Straub and Kiladis 2002). The shape of the Kelvin
wave convection is more zonally elongated and narrower in the
EP compared to the warm pool (Straub and Kiladis 2002, 2003;
Kiladis et al. 2009).

The dynamical fields associated with the Kelvin wave in the
upper troposphere are slightly different from the shallow wa-
ter (SW) mode (see Kiladis et al. 2009). Although strong di-
vergence is present at 200 hPa, the height field is weaker than
the lower troposphere. The zonal wind flow is south of the max-
imum precipitation and more prominent south of the equator,
with easterly flow west of the precipitation maximum and west-
erly flow east of it. There is a substantial wind asymmetry about
the equator present in contrast to the 850-hPa flow evident at
each of the three time lags. The wind patterns in Figs. 6d–f have
a cyclonic and anticyclonic circulation, which is more prominent
north of the convection. Huaman et al. (2020) suggested that
Kelvin waves and extratropical eastward-propagating disturban-
ces may interact with each other if they occur at the same
longitude. Since our study area confines 158N–158S, this extra-
tropical–tropical connection is not entirely captured here. Nev-
ertheless, there are twin anticyclones straddling the equator in

both hemispheres (Fig. 6e) in the upper troposphere, which is
consistent with Liebmann et al. (2009).

Moving to the SH base point (58S, 1058W) in Fig. 7, while
there is enhanced precipitation near the southern base point, the
anomalous precipitation pattern is more symmetric about the
equator than it is for the regressions at the NH base point.
This precipitation pattern resembles more of a double-ITCZ
structure deviating from the theoretical SW mode (Matsuno
1966; Kiladis et al. 2009). The relatively strong precipitation
signal in the NH may be due to the warm background SST to
the north of the equator (Straub and Kiladis 2002). At each of
the three lags, the 850-hPa wind pattern and geopotential
height field show a similar pattern as in NH (Figs. 6a–c), with
slightly more symmetry about the equator. In the upper tropo-
sphere, divergence is mostly zonal near the maximum precipi-
tation (Fig. 7e). However, the meridional component of wind
maximizes north of the equator with a pair of cyclonic and anti-
cyclonic vortices at day 0, highlighting the fact that the real atmo-
sphere can have significant deviations from theoretical dynamical
structure corresponding to the SWmodes (Chao 2007).

2) N = 0 INERTIA–GRAVITY WAVES

While the same NH and SH base points have been used for
lag regression of the convectively coupled IG0 wave, we only
document precipitation anomalies and 850-hPa dynamical
fields since the upper-tropospheric wind patterns do not have
a widespread statistically significant response (not shown). The
regressed IG0 fields at the NH and SH base-point plots have

FIG. 7. As in Fig. 6, but for 58S, 1058W.
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an estimated zonal wavenumber of 8, an eastward phase propa-
gation speed of approximately 22–23 m s21, and a wave period
of approximately 2.5 days. At day 21 for both base points, but
especially the SH base point (Fig. 8d), the precipitation anoma-
lies broadly form a quadrupole resembling the divergent anom-
alies of the IG0 wave SW mode (Wheeler et al. 2000; Kiladis
et al. 2009). The theoretical IG0 wave has a cross-equatorial
meridional flow with convergence away from the equator and
antisymmetric zonal wind pattern (Kiladis et al. 2009). Both in
the NH and SH base points, the circulation field associated
with enhanced precipitation broadly resembles the IG0 SW
mode, with cross-equatorial meridional flow and a low east of
the maximum convection and a high west of it. The resem-
blance of reanalysis-based IG0 wave dynamical fields to its the-
oretical structure is well documented in the NH and different
ocean basins (Wheeler et al. 2000; Kiladis et al. 2009), and thus,
it is satisfying to see similar structures in the EP and also for
the SH base point. In the regions of suppressed convection,
there are pronounced cross-equatorial meridional components
of wind feeding into the enhanced convection region in the op-
posite hemisphere, helping us distinguish IG0 waves (antisym-
metric) from Kelvin waves (symmetric) despite there being
some spectral filtering overlap (see Fig. 3 of Kiladis et al. 2009).

3) MRG–TD-TYPE DISTURBANCES

The structure of the regressed 850-hPa wind and precipitation
anomalies onto MRG–TD-type filtered precipitation anomalies

at the NH and SH base point are shown in Fig. 9. Although the
percent variance associated with MRG–TD-type filtered band is
the largest among all CCWs (Fig. 3), this is inflated due to the
large spectral bandwidth. Furthermore, even though the percent
variance is largest during FMA, we note that the amplitude of
MRG–TD-type precipitation anomalies over the EP from
day 21 through day 11 is not as strong as in June–November
for TD-type disturbances (Serra et al. 2008). The enhanced and
suppressed precipitation centers move westward in both hemi-
spheres at an approximate phase speed of 7–11 m s21 with zonal
wavenumber 8–12 and an approximate period of 4–8 days.

On day 21 for the NH base point (Fig. 9a), a statistically sig-
nificant suppressed convective center is detected at around
1158W as well as an enhanced convection center east of the base
point with cross-equatorial southerlies. At each of the three lags,
cross-equatorial wind flow is seen in both hemispheres, but the
signals are stronger for the NH base point. Gyres in the stream-
function are displaced a bit south of the equator for the NH
base point in all three lags. Yokoyama and Takayabu (2012)
suggested that the cross-equatorial 850-hPa winds are more sig-
nificant than in the boundary layer, while the vortex structure is
more significant near the surface. However, we do not find sta-
tistically significant vorticity anomalies at 1000 hPa (not shown).
At subsequent lags, enhanced precipitation moves westward
with cross-equatorial southerly inflow.

The horizontal structure of MRG–TD-type band-filtered
850-hPa winds, streamfunction, and precipitation anomalies onto

FIG. 8. As in Fig. 6, but for IG0 wave-band filtered precipitation anomalies at the base point (a)–(c) 58N, 1058W and (d)–(f) 58S, 1058W for
day21, day 0, and day11 for 850 hPa. Geopotential height contours start at610 m and interval is 2 m with negative contours dashed.
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MRG–TD-type filtered anomalies for the SH base point show a
weaker and less distinctive pattern (Figs. 9d–f). Cross-equatorial
circulations are found, but they are not as spatially coherent as
they are at the NH base point. At day21, a very weak enhanced
precipitation region is seen at around 958Wwith suppressed con-
vection to the west. This enhanced precipitation region moves
westward and strengthens with northerly wind convergence at
the convection center at day 0. The gyres in the enhanced or sup-
pressed regions are weaker compared to the NH base point.
However, there is at least a hint of an antisymmetric precipitation
signal for the SH base point. At day11, the enhanced precipita-
tion signal becomes weaker and is seen at around 1158W. Our
SH base-point composite pattern is roughly similar to Frank and
Roundy (2006), where they investigated outgoing longwave radi-
ation anomalies and showed MRG–TD-type waves have high
variance in the southern Indian and South Pacific Oceans during
FMA, but the composite structure is weaker than in it is in the
NH during the SH warm season (December–April).

c. IMERG precipitation-based ITCZ states

1) DAILY EAST PACIFIC ITCZ STATES

Figure 10 shows a comparison between our new, IMERG
precipitation-based and GridSat IR imagery-based ITCZ states
(Haffke et al. 2016) for each of the five ITCZ states: nITCZ,
sITCZ, aITCZ, dITCZ, and eITCZ. The results are robust to the
precipitation dataset as we also have seen consistent patterns and

ITCZ-state percentages with 2001–21 daily precipitation data
from NCEP’s Climate Forecast System Reanalysis (CFSR; Saha
et al. 2006, 2014) versions 1 and 2, NASA’s Modern-Era Retrospec-
tive Analysis for Research and Applications, version 2 (MERRA-2;
Gelaro et al. 2017), and ERA5 (not shown).

We see general agreement in the spatial pattern and ITCZ-
state percentages for our new IMERG precipitation-based
ITCZ states with the Haffke et al. (2016) GridSat IR satellite
imagery ITCZ states. Figure 10 shows that the time mean pre-
cipitation structures are similar, with the exception of eITCZs
and to a greater extent aITCZs. Our new IMERG ITCZ
states algorithm has substantially more nITCZs (60.2%) and
sITCZs (14.6%) and fewer dITCZs (13.2%) compared to the
GridSat IR imagery-based ITCZ states. Another feature that
is not captured in the GridSat IR imagery-based ITCZ states
is that our new algorithm has a latitudinally confined double-
ITCZ-like structure for the eITCZ state. We caution a direct
comparison of the eITCZ structure, however, as there were
only two eITCZ days for the 2001–12 overlapping timeframe
of IMERG data and GridSat IR ITCZ states. Subsequent
analyses of the eITCZ state suggest that an on-equatorial
precipitation maxima requires strong EP El Niño years (i.e.,
1982/83, 1997/98). Detailed comparisons between daily pre-
cipitation-based ITCZ states in observations and reanalyses
are being conducted in a separate study.

As discussed in section 2, we anticipated differences in the
structure and occurrence of the aITCZ state. Note that there are

FIG. 9. As in Fig. 6, but for MRG–TD-type wave-band filtered precipitation (shading), streamfunction (contours), and the wind
(vectors) anomalies at the base point (a)–(c) 58N, 1058W and (d)–(f) 58S, 1058W for day21, day 0, and day11 at 850 hPa. Streamfunction
contours start at653 105 m2 s21 and are plotted every 105 m2 s21 with negative contours dashed.
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consistent ITCZ/CCW results between our new precipitation-
based ITCZ states and the GridSat IR imagery-based ITCZ
states, but the time period is much shorter (12 years rather than
21 years; not shown) when analyzing the GridSat IR ITCZ states.

Figure 11 shows the temporal distribution of our new
IMERG daily ITCZ states for FMA from 2001 to 2021. There
is a loose seasonality to most ITCZ states, with nITCZs occur-
ring at the beginning and end of the three months, aITCZs oc-
curring at the beginning of the 3 months, dITCZs and sITCZs
occurring in the middle of the three months, and eITCZs
more randomly distributed. In addition, there is strong

interannual variability in ITCZ states, with some years com-
prising mostly nITCZs and while other years contain more in-
stances of dITCZs and sITCZs (not shown). We also note that
eITCZs occur only for some years, possibly associated with
whether an equatorial cold tongue is present and the strength or
flavor of ENSO (Yang and Magnusdottir 2016). Detailed analy-
ses of interannual variability are left for a future study.

2) CCW VARIABILITY AS A FUNCTION OF ITCZ STATES

To further analyze the relative CCW influence on the
ITCZ over the EP during boreal spring, we examine how the
CCW-filtered percent precipitation variance differs for each
ITCZ state. To do this, we repeat the process of calculating
the percent variance for each filtered CCW over the EP
(108S–108N, 758–1358W) but limit the composites to the sub-
set of days during our FMA season associated with each
ITCZ state.

Figure 12a shows that for each one of the six waves, the fil-
tered CCW contribution to the precipitation variance is far
less for nITCZ days than it is for all FMA days. For the cumu-
lative impact of filtered CCWs on precipitation variance for
each ITCZ state (Fig. 12b), the CCW contribution to the
precipitation gradually increases from nITCZ (55.3%) to
dITCZ (79.3%) with additional variance explained for sITCZ
(105.9%) and eITCZ (121.5%) states. It is important to note
that these fractional variances are overestimates of the true
variance and are strongly dependent on the size and location
of each filter box. The values higher than 100% represent a
greater degree of variability and this occurs when the stan-
dard deviation exceeds the mean value of the dataset. The
most dominant influence of CCWs on the precipitation vari-
ance occurs during sITCZ and eITCZ days, and it is most
prominent for the three leading high-frequency CCW bands
of Kelvin, IG0, and MRG–TD-type waves. Even though the

FIG. 10. FMA average IMERG precipitation rate (mm day21) composited for each daily EP ITCZ state: northern (nITCZ), southern
(sITCZ), absent (aITCZ), double (dITCZ), and equatorial (eITCZ) using (top) the IMERG precipitation-based algorithm (2001–21) and
(bottom) GridSat IR imagery-based algorithm (2001–12).

FIG. 11. FMA 2001–21 temporal variability of daily EP ITCZ states
using the IMERG precipitation-based algorithm.
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nITCZ state is the most dominant state throughout the year,
CCW-filtered precipitation activity has a relatively small con-
tribution to the total precipitation variability (Fig. 12) when
only the northern branch of ITCZ is active. On the other
hand, the relative contribution of CCW peaks when there is
precipitation activity near the equator or in the SH (Fig. 12b),
which is in broad agreement with the percent variance maps
shown in Fig. 4.

These results are likely due to the standard deviation of to-
tal anomalous precipitation being larger in the NH than near
the equator and in the SH. In the standardization process, the
larger values do not dominate the lower values by making the
standardized anomaly smaller. Nonetheless, these strong con-
tributions by filtered CCWs suggest that they are highly corre-
lated with SH precipitation since, except for the nITCZ
state, all other ITCZ states have precipitation activity in SH
(Fig. 10). Interestingly, the eITCZ percent variance exceeds
that of sITCZ for each of the filter wave band. The eITCZ
state from the GridSat IR algorithm has been shown to be fre-
quent only for El Niño years when the EP cold tongue is

replaced by warmer SSTs (Haffke et al. 2016). Furthermore,
Yang and Magnusdottir (2016) showed during dITCZ and
sITCZ days that the SST anomalies are warmer south of the
equator over the EP. These results altogether suggest that in-
terannual variability (i.e., warmer background SSTs) may
play a substantial role in increased CCW precipitation activity
near and south of the equator over the EP.

3) COEVOLUTION BETWEEN ITCZ STATES AND

LEADING HIGH-FREQUENCY CCWS

Finally, we examine the coevolution between ITCZ states
and the three leading high-frequency CCWs to determine if
there is a significant lead–lag relationship. We analyze only
strongly precipitating CCW days, which are defined as the
subset of FMA days when CCW precipitation anomalies ex-
ceed 1.0 standard deviation at the base point (NH or SH).
These strong CCW days are averaged in time and considered
as lag 0 for each respective CCW. We then quantify the time
lag, from 215 to 115 days, as a function of longitude by

FIG. 12. (a) Averaged percent variance of each ITCZ state explained by wave-filtered FMA
precipitation variance from the following wave bands: MRG–TD type, Kelvin, IG0, ER, MJO,
and IG1. The fifth bar is for the averaged percent variance of total precipitation explained by
each wave type. (b) Total variance of wave-filtered precipitation expressed as a fraction of the
ITCZ-state variance for all CCW bands. The variance has been calculated from 2001 through
2021 and averaged within 108N–108S, 758–1358W. We withhold aITCZ variances since there is
less precipitation activity associated with this state.
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computing the latitudinal average of the precipitation anoma-
lies over 2.58–7.58N (NH) and 2.58–7.58S (SH).

To relate the leading high-frequency CCW precipitation activ-
ity with the ITCZ state, we start by calculating the ITCZ-state
percentage for strong wave activity days for lag 215 to 115,
where lag 0 for each CCW type is the same as described above.
The ITCZ-state percentage is plotted as anomalies that are rela-
tive to the FMA percentages in Fig. 10 after applying a 5-day
running mean to the percentage anomalies.

Kelvin waves initiate in the central–west Pacific near day
25 and propagate into the EP (Figs. 13a,c) whereas the IG0
waves (Figs. 14a,c) and MRG–TD-type waves (Figs. 15a,c)
are mostly confined to the EP. For all three CCWs, the pre-
cipitation signals in the SH are much weaker than in the NH,
which is expected based on climatological precipitation var-
iances for each CCW (not shown). The pattern of strong
Kelvin wave variances over the entire Pacific basin agrees
with past studies (Straub and Kiladis 2002; Roundy and Frank
2004). IG0 waves show significant precipitation signals in the
central Pacific (Figs. 14a,c), but they are not as coherent as
those of Kelvin waves. MRG–TD-type waves originate and
dissipate within the EP (Figs. 15a,c) unlike summertime when

a significant portion of these waves can originate over western
Africa and the Atlantic Ocean basin (Serra et al. 2008, their
Fig. 6).

In regard to the time evolution of ITCZ states for NH
CCWs, there is a broadly increasing trend for nITCZs (black
curves) and decreasing trend for sITCZs (gold curves) while
dITCZs (blue curves) decrease after lag 0 (Figs. 13b, 14b, and 15b).
Together, the sITCZ and dITCZ trend (sITCZ 1 dITCZ; red
curves) is strongly anticorrelated with nITCZs (r # 20.92).
The increasing frequency of the nITCZ state, particularly after
lag 0, suggests that NH CCWs may act as a precursor and aid
in the development of the nITCZ state.

For SH CCWs (Figs. 13d, 14d, and 15d), the ITCZ-state
percent anomalies are nearly double (as high as ’25%) the
NH CCWs ITCZ-state percent anomalies (note the different
abscissa). This is significant in that a 25% increase in sITCZ
and dITCZ together would bring their total percentage to
above 50% and nITCZs would fall below 40%. The sITCZs
have the largest percentage increase, and nITCZ has the larg-
est percentage decrease, both reaching their largest deviations
near lag 0. The dITCZs show relatively smaller percent anom-
alies but have a somewhat more identifiable temporal peak

FIG. 13. Longitude–time diagram of Kelvin wave-band filtered precipitation anomalies averaged between (a) 2.58–7.58N
and (c) 2.58–7.58S. Lag 0 corresponds to the days when the Kelvin wave-filtered precipitation anomalies are greater
than one standard deviation at the NH and SH base points shown in the top-right corners. The black vertical lines
enclose the ITCZ-state longitude window. The anomalies shown here are 99% significant by a two-sided Student’s
t test. (b),(d) ITCZ-state percent anomalies for strong Kelvin wave-band activity days for the NH and SH base
points, respectively. Lag 0 is as in (a) and (c). The r value at the top left shows the correlation between nITCZ and
sITCZ1 dITCZ.
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near lag 0 than sITCZs. Similar to that of NH CCWs, the
sITCZ 1 dITCZ trend is highly anticorrelated with the
nITCZ trend (r # 20.87). These results imply that SH CCWs
can both aid in the development of sITCZs or dITCZs (i.e.,
positive ITCZ anomalies at positive lags) and be excited/
amplified by sITCZs or dITCZs (i.e., increasing ITCZ-state
trends at negative lags that proceed CCWs). This generally
agrees with the Hovmöller diagrams in Figs. 13–15 in that all
CCWs are more narrowly confined to the EP for the SH base
point compared to the NH base point.

4. Summary and conclusions

In this study, we demonstrated that there is a significant im-
pact of filtered CCWs on precipitation variability over the EP
during boreal spring, the only season with significant precipi-
tation activity in the SH, using IMERG precipitation and
ERA5 reanalysis data. We employed commonly used space–
time filtering techniques (Wheeler and Kiladis 1999; Dias and
Kiladis 2014, and many others). We computed the percent
precipitation variance contributed by each of six CCW band
filtered precipitation (Kelvin, IG0, MRG-TD-type, ER, MJO,
and IG1) following the methods of Schreck et al. (2013)
with respect to (i) all FMA days and (ii) days associated with
each of five different ITCZ configurations or “ITCZ states”
(nITCZ, sITCZ, aITCZ, dITCZ, and eITCZ) based on our
new daily precipitation-based ITCZ-state algorithm.

The results show that the percent of CCW-filtered precipi-
tation variances have a synchronized seasonal cycle of maxi-
mum variance explained during FMA and minimum variance
explained during ASO or NDJ over the EP. Furthermore, the
impact is more predominant with higher precipitation variance
explained by filtered CCWs bands in the SH (08–158S) than in
the NH (158N–08). Our analysis shows that there are three lead-
ing high-frequency CCWs (Kelvin, IG0, and MRG–TD type)
over the EP, especially during FMA (Fig. 3). At the same time,
caution must be taken comparing percentages between wave
bands as the background variance inflates larger spectral widths,
especially for the wide spectral band of MRG–TD type.

We examined the composite time-evolving dynamical pat-
terns of the three leading high-frequency CCWs (Kelvin, IG0,
and MRG–TD type) at both NH and SH base points during
FMA with a lag-linear regression technique. The lower tropo-
spheric dynamical fields of the Kelvin and IG0 waves at both
base points broadly resemble the theoretically predicted modes
from equatorial wave theory (Blandford 1966; Matsuno 1966;
Wheeler et al. 2000; Kiladis et al. 2009). The Kelvin wave pre-
cipitation anomalies and dynamical fields at both base points
show a relatively slow eastward propagation of 17–18 m s21 and
a large spatial scale (zonal wavenumber 6–7). In contrast to the
Indo-Pacific warm pool, we find a meridionally narrow and zon-
ally elongated Kelvin wave precipitation band along with a
weak but significant amount of lower tropospheric meridional
wind component close to the maximum precipitation. At the
NH base point, the Kelvin wave precipitation is north of the

FIG. 14. As in Fig. 13, but for the IG0 wave band.
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equator; however, in the SH, the precipitation anomalies are
more like a double-ITCZ pattern (Figs. 6 and 7). These precipita-
tion patterns in both hemispheres suggest that the anomalies fol-
low the boreal spring background SST pattern (Straub and
Kiladis 2002; Kiladis et al. 2009). Despite the fact that Kelvin
waves and IG0 have some spectral overlap, we see characteristics
that distinguish the two consistent with equatorial wave theory.

IG0 waves are of slightly smaller spatial scales (zonal
wavenumber 8) and have faster eastward propagation speeds
(22–23 m s21). IG0 waves are dominated by strong cross-
equatorial meridional flow with minimal zonal flow except
that associated with zonal wind convergence into the enhanced
precipitation (Fig. 8). Furthermore, IG0 waves have more of
an SH-only precipitation anomaly for the SH base point com-
pared to more of a double-ITCZ anomalous precipitation
structure for Kelvin waves. Last, Kelvin waves have a robust
upper-level dynamical signal, which is entirely absent from
IG0 waves.

Unlike other studies on the EP easterly waves (Serra et al.
2008; Huaman et al. 2021), the westward-propagating MRG–

TD-type wave band shows unique composite precipitation
and dynamical patterns during boreal spring. The MRG–TD-
type wave band shows convective propagation speeds of
7–11 m s21 and relatively small zonal wavenumbers of 8–12.
Even though our results show that the relative impact of the
MRG–TD-type filtered wave band on precipitation variance
is strong during FMA (Fig. 3), we find that the composite dy-
namical structure is not as coherent as that of Kelvin or IG0

waves, and the precipitation anomalies do not propagate as far
(Fig. 9). This is somewhat expected, considering that tropical
cyclogenesis is uncommon over the EP during boreal spring.

Our analysis suggests that the filtered CCW bands have a
stronger impact on the EP ITCZ when precipitation occurs in
the SH (i.e., dITCZ, sITCZ, and eITCZ states). The results
show that the CCW filtered variances are much higher during
the sITCZ and eITCZ days for all CCWs (Fig. 12). However,
the eITCZ state is a rare phenomenon and is mostly active
during EP El Niño years (Haffke et al. 2016).

Finally, we investigated the coevolution of the precipitation
associated with the three leading high-frequency CCWs and
ITCZ states. The Kelvin wave convective signal can be seen
propagating from the central–west Pacific and IG0 and
MRG–TD type are only localized in the EP (Figs. 13–15). We
find consistency for the CCW–ITCZ-state relationship at the
NH base point for all three leading high-frequency CCWs.
The nITCZ percentage increases strongly after lag 0 while the
sITCZ and dITCZ together have an overall decreasing trend,
which suggests increased CCW activity may facilitate the more
frequent nITCZ activity. However, at the SH base point, we
show that the sITCZ and dITCZ (combined) percentage in-
crease and nITCZ percentage decrease are largest at lag 0, sug-
gesting CCWs may excite the sITCZ- or dITCZ-state activity or
sITCZs/dITCZs can excite CCWs in the SH.

In this study, we document that although precipitation ac-
tivity is present in the NH throughout the year, variability in
the precipitation is high in a fractional sense during boreal

FIG. 15. As in Fig. 13, but for the MRG–TD-type wave band.

J OURNAL OF CL IMATE VOLUME 372580

Unauthenticated | Downloaded 03/22/24 05:38 PM UTC



spring and CCWs strongly influence precipitation, especially
in the SH. To our knowledge, this is the first study to investi-
gate the impacts of CCWs on precipitation variability over
the EP during boreal spring in a fractional sense. However,
further investigation of the detailed mechanisms is needed to
understand the interactions between the background state,
the ITCZ state, and CCW activity over the EP during boreal
spring when the SH ITCZ is present. Given that Earth system
models struggle to capture the correct seasonality, structure,
and life cycle of both CCWs and the ITCZ, future work will
involve identifying CCW–ITCZ relationships in Earth system
models and determining which, if any, Earth system models
faithfully reproduce the observed CCW and ITCZ variability
in the EP.
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