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ABSTRACT: The latitudinal location of the east Paciﬁc Ocean intertropical convergence zone (ITCZ) changes on time
scales of days to weeks during boreal spring. This study focuses on tropical near-surface dynamics in the days leading up to
the two most frequent types of ITCZ events, nITCZ (Northern Hemisphere) and dITCZ (double). There is a rapid daily
evolution of dynamical features on top of a slower, weekly evolution that occurs leading up to and after nITCZ and dITCZ
events. Zonally elongated bands of anomalous cross-equatorial ﬂow and off-equatorial convergence rapidly intensify and
peak 1 day before or the day of these ITCZ events, followed 1 or 2 days later by a peak in near-equatorial zonal wind
anomalies. In addition, there is a wide region north of the southeast Paciﬁc subtropical high where anomalous northwesterlies strengthen prior to nITCZ events and southeasterlies strengthen before dITCZ events. Anomalous zonal and meridional near-surface momentum budgets reveal that the terms associated with Ekman balance are of ﬁrst-order importance
preceding nITCZ events, but that the meridional momentum advective terms are just as important before dITCZ events.
Variations in cross-equatorial ﬂow are promoted by the meridional pressure gradient force (PGF) prior to nITCZ events
and the meridional advection of meridional momentum in addition to the meridional PGF before dITCZ events. Meanwhile, variations in near-equatorial easterlies are driven by the zonal PGF and the Coriolis force preceding nITCZ events
and the zonal PGF, the Coriolis force, and the meridional advection of zonal momentum before dITCZ events.
KEYWORDS: Intertropical convergence zone; Dynamics; Momentum; Nonlinear dynamics; Synoptic climatology

1. Introduction
The intertropical convergence zone (ITCZ) is a zonal band
of convection that wraps around Earth and produces the
majority of Earth’s rainfall. There are still longstanding climate model ITCZ biases (e.g., Mechoso et al. 1995; Lin 2007;
Bellucci et al. 2010; Zhang et al. 2015; Tian and Dong 2020),
especially in the southern east Paciﬁc Ocean from December
through May (Adam et al. 2018; Woelﬂe et al. 2019; Song and
Zhang 2019). These months also coincide with the most rapid
variations in the latitudinal position of the east Paciﬁc ITCZ in
infrared satellite imagery, taking on any of ﬁve ITCZ states:
Northern Hemisphere (nITCZ), Southern Hemisphere (sITCZ),
double (dITCZ), equatorial (eITCZ), or absent (aITCZ) (Henke
et al. 2012; Haffke et al. 2016). An example of such highfrequency variations in ITCZ state is shown in Fig. S1 in the
online supplemental material for 6–18 March 2018.
Even though recent advances in explaining ITCZ shifts on
seasonal and longer time scales have been made, highlighted by
the atmosphere–ocean hemispheric energy balance framework
[see reviews by Schneider et al. (2014), Kang et al. (2018), and
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Hill (2019)], the processes that drive the time evolution of subseasonal and shorter-time-scale ITCZ shifts are still largely
unknown. Haffke et al. (2016) show evidence of signiﬁcant
roles for processes at multiple time scales for nITCZs, dITCZs,
and sITCZs, including the large-scale dynamics, near-surface
moist thermodynamics, and radiation (Haffke et al. 2016; Yang
and Magnusdottir 2016). However, they emphasize the need to
better understand the large-scale atmospheric dynamics for the
two most common boreal spring ITCZ states, nITCZ and dITCZ.
To understand the dynamics near the ITCZ, many studies
focus on monthly or longer time scales and employ steadystate balances of the ITCZ boundary layer. For example,
some studies use a balance between surface drag, the Coriolis
force, and the pressure gradient force (e.g., Lindzen and
Nigam 1987). This is otherwise known as classical Ekman balance (Ekman 1905). Other studies have shown more accurate
representations of tropical circulations using the linear mixed
layer model of Stevens et al. (2002), which is an extension of
Ekman balance with the addition of horizontal momentum
exchange between the boundary layer and the free troposphere and a linearization of surface drag (e.g., McGauley
et al. 2004; Back and Bretherton 2009; Duffy et al. 2020).
When considering applying these theories to subseasonal or
shorter-time-scale ITCZs, where transient dynamics play an
important role, a more general theory that includes the horizontal advection of the horizontal momentum may be more

Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/jcli-d-21-0216.
s1.
Corresponding author: Alex O. Gonzalez, agon@iastate.edu

Publisher's Note: This article was revised on 23 November 2022
to update the link in the Data Availability Statement that points to
where the scripts needed to produce the figures are stored.

DOI: 10.1175/JCLI-D-21-0216.1
Ó 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 01/09/23 04:16 PM UTC

1198

JOURNAL OF CLIMATE

appropriate (Mahrt 1972; Holton 1975; Tomas et al. 1999;
Sobel and Neelin 2006; Schneider and Bordoni 2008; Gonzalez et al. 2016; Gonzalez and Schubert 2019).
Gonzalez et al. (2016) and Gonzalez and Schubert (2019)
illustrate that when the boundary layer meridional ﬂow is
strong enough, as it often is in the east Paciﬁc, the meridional
advection of the meridional momentum acts to sharpen
regions of meridional convergence and broaden regions of
meridional divergence; this behavior can be attributed to the
embedded Burgers’ equation (Burgers 1948) in the meridional momentum equation (Holton 1975; Gonzalez et al. 2016).
Furthermore, through the meridional advection of zonal
momentum, meridional gradients of the zonal wind become
more concentrated in the same regions where convergence
becomes narrower. This creates distinct zonally elongated zones
of collocated low-level convergence and cyclonic relative vorticity (Gonzalez et al. 2016; Gonzalez and Schubert 2019). In this
way, narrow ITCZs tend to occur where there is strong crossequatorial low-level ﬂow (e.g., east Paciﬁc and Atlantic Oceans).
In this paper, we investigate the observed time evolution of the
near-surface, large-scale dynamics in high-resolution data in the
days leading up to the two most frequent February–April east
Paciﬁc ITCZ states, nITCZ and dITCZ, to improve our understanding of ITCZ shifts on subseasonal and shorter time scales.
We compute anomalous zonal and meridional surface momentum budgets leading up to these events, with an eye on better
understanding the roles of meridional momentum advection and
the terms associated with classical Ekman balance. We focus on
the near-surface dynamics because they are closely tied to air–sea
ﬂuxes, moist thermodynamics, and low-level ITCZ convergence,
for which there are existing theories of the low-level horizontal
momentum budgets (e.g., Lindzen and Nigam 1987; Tomas et al.
1999; Back and Bretherton 2009; Gonzalez et al. 2016).
The paper is organized as follows. Section 2 describes the
remotely sensed observations and reanalysis datasets used as
well as how we determine submonthly ITCZ events from the
3-hourly ITCZ states in Haffke et al. (2016). We also present
the horizontal surface momentum budget equations. Section 3
has four subsections, with the ﬁrst motivating the investigation of the large-scale surface dynamics associated with the
east Paciﬁc ITCZ. In the last three subsections of section 3,
we illustrate the time evolution of composites of the largescale surface dynamics for ITCZ events, and we scrutinize the
surface zonal and meridional momentum budgets. Section 4
summarizes our results and discusses future directions to better understand February–April east Paciﬁc ITCZ events.

2. Data and methods
a. Observational and reanalysis datasets
Daily 0.258-resolution ocean surface (10 m) winds are estimated using the National Aeronautics and Space Administration (NASA) Quick Scatterometer (QuikSCAT) dataset for
the time period of August 1999–July 2009 (SeaPAC 2006).
Due to rain contamination, 50%–60% of ocean winds measurements are acceptable over the tropical east Paciﬁc during
January–May, and therefore daily averaged or single-valued
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QuikSCAT winds are used in place of twice-daily winds.
Daily accumulated 0.258-resolution precipitation rates are
from the Tropical Rainfall Measuring Mission (TRMM)
Multisatellite Precipitation Analysis (TMPA) dataset for
1998–2012 (Huffman and Bolvin 2015). All other variables,
including 10-m horizontal winds, 10-m horizontal divergence,
2-m temperature, 2-m speciﬁc humidity, and mean sea level pressure, are from the most recent European Centre for MediumRange Weather Forecasts (ECMWF) reanalysis (ERA5) for
1980–2012 (Hersbach et al. 2020). The ERA5 data are daily averaged at 0.258 resolution. Anomalies for all variables are computed
by removing a climatological annual cycle that is smoothed using
the ﬁrst four harmonics of the raw annual cycle.
For Figs. 5–8, statistical signiﬁcance at the a = 0.1 level is
assessed at each grid point by using the ﬁeld signiﬁcance test
of Wilks (2016), which accounts for spatial autocorrelation by
controlling the false discovery rate. The method computes the
cosine of latitude weighted p value for all grid points, sorts
them, and sets a new threshold p value based on the distribution of p values.

b. Submonthly ITCZ events
Submonthly ITCZ “events” are determined from a 3-hourly
ITCZ state dataset described in Haffke et al. (2016) for
January–May 1980–2012. A pattern recognition algorithm
(Henke et al. 2012) produces 3-hourly ITCZ states by analyzing 33 years of GridSat satellite data (Knapp et al. 2011) over
208S–208N, 908W –1808. The ﬁve ITCZ states that were identiﬁed using the ITCZ detection algorithm of Henke et al. (2012)
are the Northern Hemisphere ITCZ (nITCZ), Southern
Hemisphere ITCZ (sITCZ), double ITCZ (dITCZ), equatorial ITCZ (eITCZ), and absent ITCZ (aITCZ). Zonally elongated ITCZs are detected in all states except aITCZ, which
accounts for weak or localized convection. Three-hourly ITCZ
states are used to produce daily ITCZ states, where a daily
ITCZ state is only assigned when one ITCZ state occurs for at
least 6 out of 8 (6/8) 3-hourly time stamps. Our results are
insensitive to the choices of 5/8 to 8/8 three-hourly time stamp
thresholds. Note that daily ITCZ states are assigned for 93%
of all days in the January–May 1980–2012 time period using
the chosen 6/8 threshold; the remaining 7% of days are not
assigned a daily ITCZ state. Note that the absent ITCZ state
differs from the times that are not assigned a state in that
absent ITCZ is determined explicitly by the pattern recognition algorithm. From the ﬁve daily ITCZ states (dITCZ,
nITCZ, sITCZ, aITCZ, and eITCZ), submonthly ITCZ events
are deﬁned as daily ITCZ states that persist between at least 2
and 30 days, aimed to capture submonthly variability and
reduce noise originating from 3-hourly states produced by the
ITCZ state algorithm.
Figure 1 shows the January–May 1980–2012 temporal variability of submonthly ITCZ events as well as the percentage
distribution of each of the ﬁve types of ITCZ events for
the main season of interest in this study, February–April. The
resulting percentages are similar to the March–April daily
ITCZ states from Haffke et al. (2016), with nITCZ (41%) and
dITCZ (30%) events being most dominant compared to 39%
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FIG. 1. (left) Temporal distribution of submonthly ITCZ events for January–May 1980–2012 based on 3-hourly
GridSat satellite imagery ITCZ states (Henke et al. 2012; Haffke et al. 2016). (right) Percentage distribution of ITCZ
events for the months of focus for this paper, February–April during 1980–2012.

and 34%, respectively, in Haffke et al. (2016). The third most
dominant type of ITCZ events is aITCZ events (16.4%),
while sITCZ (6.0%) and eITCZ (6.7%) events occur least
often and have been suggested to be linked to El
Niño–Southern Oscillation (Haffke et al. 2016; Yang and
Magnusdottir 2016).

c. Anomalous horizontal surface momentum budgets
The anomalous surface zonal and meridional momentum
budget equations are given by
u
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Each of the seven terms in these equations is computed
with total (climatology 1 anomaly) individual ﬁelds and their
smoothed climatology is removed after multiplication of covarying terms. For example, y(y/y) stands for [ytotal(y/y)total] ,
where (·)total and (·) are total and anomalous ﬁelds, respectively.
In Eqs. (1) and (2), u and y are the 10-m zonal and meridional
velocities, respectively, p is mean sea level pressure, Ty 


 
T 1 1 Ry =Rd 2 1 q is 2-m virtual temperature, T is 2-m temperature, q is 2-m speciﬁc humidity, Ry and Rd are the water
vapor and dry gas constants, respectively, t is time, dx =
acosfdl and dy = adf are the zonal and meridional distances,
respectively, a is Earth’s radius, f is latitude in radians, fe =
(2Vsinf 1 utanf/a) is the effective Coriolis parameter
(Coriolis parameter plus the metric term), and V is Earth’s

rotation rate. The zonal and meridional accelerations due to
parameterized physical processes (surface drag, convective
momentum transport, etc.) are given by Pu and Py, respectively. They are taken at the model level closest to the surface. The terms Ku and Ky are the residuals of the zonal and
meridional momentum budget, respectively, and mainly represent horizontal diffusion terms, which are the only terms
not explicitly provided by ERA5. Note that all derivatives
are computed via centered ﬁnite differences and the u(u/x)
and y(y/x) terms are computed as (u2/2)/x and (y2/2)/y.
Because speciﬁc humidity at 2 m is not provided by ERA5, it
is postprocessed and calculated using the 2-m dewpoint temperature and mean sea level pressure. Note that we focus on
the surface momentum budgets rather than boundary layer–
averaged budgets primarily to most accurately diagnose the
pressure gradient force. If pressure level data were used, the
estimate of the pressure gradient force could contain residuals associated with the change in vertical coordinate system
(from hybrid levels).

3. Results
a. Seasonal and regional ITCZ and low-level dynamics
We provide supporting evidence of the robust relationship
between ITCZ precipitation and near-ITCZ low-level atmospheric dynamics over the east Paciﬁc Ocean by examining
their seasonal and regional variability. In Fig. 2, we show
trimonthly averaged (February–April, May–July, August–
October, and November–January) plots of the TMPA precipitation rate and QuikSCAT surface winds and divergence only
over the oceans. There is generally a positive correlation
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FIG. 2. Trimonthly averaged QuikSCAT horizontal surface winds (vectors), divergence (shading), and TMPA precipitation rate (contour lines every 1 mm day21, from 3 to 7 mm day21) for
(a) February–April during 2000–09, (b) May–July during 2000–09, (c) August–October during
1999–2008, and (d) November–January during 1999–2008.

between surface wind convergence and tropical precipitation
rate, with regions of surface convergence collocated with
regions of high precipitation rates. At the same time, there are
regions with stronger correlations than others, such as the
ITCZ east of the date line in the Paciﬁc Ocean and the ITCZ
in the Atlantic Ocean. Figure 2 reafﬁrms the notion that there
is a second zonally elongated convergence zone over the east
Paciﬁc year-round even though that convergence zone is not
always coupled to precipitation (Liu and Xie 2002). The east
Atlantic also has a second zonally elongated convergence zone
not tied to precipitation during the months of November–January and May–July.
To quantify the seasonally and regionally dependent relationship between ITCZ precipitation rate and surface wind
convergence, Fig. 3 shows the monthly variation of the pattern
correlation between TMPA precipitation and QuikSCAT
surface wind convergence for ﬁve oceanic regions: 1) the
global tropics (158S–158N, all longitudes), 2) the eastern
Paciﬁc Ocean (158S–158N, 908–1508W), 3) the western
Paciﬁc Ocean (158S–158N, 1508E–1508W), 4) the Atlantic
Ocean (158S–158N, 08–508W), and 5) the Indian Ocean
(158S–158N, 458–958E).

The east Paciﬁc Ocean and Atlantic Ocean regions have the
largest pattern correlations between surface convergence and
precipitation rate, above 0.65 for every month. The east Paciﬁc
Ocean experiences two maxima in pattern correlations,
March–April and September–November, and two minima,
February and August–September. The Atlantic Ocean has
one distinct maximum in January–February and one minimum
during July–August. There is a distinct separation between the
minima in pattern correlations for the Atlantic and east Paciﬁc
and the maxima in all other oceanic regions (i.e., the global
tropics, the western Paciﬁc Ocean, and the Indian Ocean).
This result provides evidence that the Atlantic and east Paciﬁc
are the oceanic regions with the most robust relationship
between low-level convergence and precipitation in the ITCZ.
Among the regions with lowest pattern correlations between
precipitation and surface convergence, the western Paciﬁc experiences similar month-to-month variability as the global tropics
with peak correlations just above 0.6 during October–December.
The Indian Ocean generally exhibits the smallest pattern correlations but it also has the largest seasonal variability. Here, pattern
correlations are just above 0.55 during December–March and
subside substantially during boreal summer. Both the western
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FIG. 3. Monthly pattern correlation coefﬁcients between tropical
QuikSCAT horizontal surface convergence and TMPA precipitation rate for August 1999–July 2009 for all tropical oceans (solid
gold curve), the east Paciﬁc Ocean (dashed blue curve), the Atlantic Ocean (dotted red curve), the western Paciﬁc Ocean (dash–-dotted teal curve), and the Indian Ocean (dash–dotted–dotted purple
curve).

Paciﬁc and Indian Oceans have their lowest pattern correlations
during the boreal summer months, possibly due to the inﬂuence
of their monsoons, which involve more zonally asymmetric precipitation features and which move poleward of our 158S–158N
domain. Even though strong cross-equatorial pressure gradients
can exist in these regions during boreal summer, common
dynamical ITCZ predictors, such as low-level convergence or the
zero-absolute vorticity line, are not always collocated with precipitation maxima (Webster 2020, chapter 13).
Figures 2 and 3 serve as motivation to further analyze the
low-level dynamics in and near the east Paciﬁc ITCZ during
boreal spring but also bring to light the potential for similar
future analyses over other regions and seasons. The Atlantic
ITCZ during December–February is especially noteworthy
for further investigation because these months are when
Atlantic Ocean double ITCZ climate model biases are largest
(Adam et al. 2018).
Before beginning our investigation of near-ITCZ dynamics
and ITCZ precipitation over the east Paciﬁc Ocean, we ﬁrst
highlight aspects of the east Paciﬁc dynamics and precipitation that are central to our analyses to follow. Figure 4a–d
show the annual daily climatology of equatorial QuikSCAT
zonal surface winds, meridional surface winds, surface horizontal wind convergence, and TMPA precipitation rate over
the east Paciﬁc (908–1508W). Note that the dashed gold and
dotted blue curves are for the Northern Hemisphere (NH;
08–68N for winds, 18–158N precipitation and convergence) and
Southern Hemisphere (SH; 68S–08 for winds, 158–18S precipitation and convergence), respectively.
From these climatologies, it is evident that the east Paciﬁc
can be most generally described by one single Northern
Hemisphere ITCZ with persistent southeasterly surface ﬂow

near the equator. However, there are sizeable differences in
the climatologies south and north of the equator. The southerly ﬂow is typically stronger north of the equator while the
easterly ﬂow is stronger south of the equator. There is also
strong surface wind divergence south of the equator associated with the Hadley circulation. This asymmetric ITCZ structure changes substantially during boreal spring (February–
April, shaded gray in Fig. 4). The equatorial surface southeasterlies diminish, causing a general decrease in near-equatorial
wind speed (not shown), again with notable differences south
and north of the equator. The southerlies weaken both south
and north of the equator but the weakening is substantially
larger north of the equator, ∼4 m s21 compared to ∼1.5 m s21
south of the equator. The easterlies weaken mainly south of
the equator by ∼1.5 m s21. At the same time that there is a
weakening of equatorial surface winds and a trend to more
symmetric dynamical conditions, the Southern Hemisphere
ITCZ emerges and the Northern Hemisphere ITCZ weakens
in both precipitation and surface convergence. This is what
we call a “window of opportunity” for the double ITCZ over
the east Paciﬁc in observations and could help explain why climate model double ITCZ biases are largest during this season
(Adam et al. 2018). This window of opportunity season is also
noteworthy in that it allows for any substantial meridional
wind anomalies to transport momentum, moisture, energy,
etc. into either hemisphere, depending on whether there is
southerly or northerly equatorial surface ﬂow. Thus, it is key
to understand that the occurrence of ITCZ shifts during boreal
spring over the east Paciﬁc may be directly related to the weakening of the climatological cross-equatorial surface ﬂow. This
weakening allows for any signiﬁcant meridional wind anomalies
to help produce favorable Southern or Northern Hemisphere–dominant ITCZ conditions. The equatorial meridional surface
pressure gradient force exhibits the same climatological behavior as the surface meridional winds (not shown; Wang et al.
2015; Woelﬂe et al. 2019).
The sensitivity of the ITCZ to meridional wind variability has
been shown to be strongly regulated by nonlinearities once the
equatorial meridional winds reach a particular threshold magnitude (Gonzalez et al. 2016; Gonzalez and Schubert 2019). Thus, a
large focus of this paper will be on the meridional wind variability in association with observed synoptic time scale ITCZ shifting
and splitting. Note that most of our analyses will be focused on
using ERA5 winds and divergence rather than QuikSCAT to
increase sample sizes for individual ITCZ events and to quantify
the horizontal momentum budgets. Note that complementary
results using QuikSCAT are shown in Figs. S2–S4 in the online
supplemental material.

b. ITCZ event lagged composites
In this section, we investigate how large-scale dynamical features change in the 6 days leading up to the two most common
February–April ITCZ events, nITCZ and dITCZ. For all map
plots, only statistically signiﬁcant grid points at the a = 0.1 level
are shaded. Horizontal wind vectors are plotted if either the
zonal or meridional component is statistically signiﬁcant.
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FIG. 4. Smoothed daily annual cycles of QuikSCAT surface near-equatorial (a) zonal winds, (b) meridional winds,
and (c) convergence, and (d) TMPA precipitation rate averaged over the east Paciﬁc Ocean (908–1508W). Northern
and Southern Hemisphere values are denoted by the dashed gold and dotted blue curves, respectively. The months of
February–April are highlighted by the gray shading, indicating the months when double ITCZs are most prevalent.

Figures 5 and 6 show ERA5 meridional and zonal surface
wind anomalies (shading) along with horizontal surface
wind vectors in the days leading up to and the day of
(lag 26, 23, 0 days) nITCZ and dITCZ events for February–
April 1980–2012.
Preceding nITCZ events, there is a zonally elongated swath
of equatorial southerly wind anomalies extending across the
Paciﬁc Ocean that intensiﬁes with time. These southerlies
speed up south of the equator and slow down north of the
equator. They are therefore associated with strong meridional
wind divergence and convergence bands in the Southern and
Northern Hemisphere ITCZ belts, respectively (as seen in
Fig. 8). There are also signiﬁcant northwesterly winds in the
108–208S region that contribute to strong meridional divergence in the Southern Hemisphere. The east Paciﬁc equatorial zonal surface winds illustrate the Coriolis deﬂection of the
equatorial southerly ﬂow, with easterlies south of the equator
and westerlies north of the equator. Similar to the equatorial
southerlies, the easterlies centered just south of the equator
intensify leading up to nITCZ events.
The meridional wind anomalies leading up to dITCZ events
are nearly the opposite of those prior to nITCZ events, with a
build-up of equatorial northerlies and subtropical southerlies
converging in the Southern Hemisphere ITCZ belt. The
anomalous cross-equatorial northerly ﬂow is more zonally
conﬁned for dITCZ events than it is for nITCZ events, which
corresponds well with the more zonally conﬁned anomalous
precipitation and meridional convergence in Figs. 7 and 8,
respectively. Similar to nITCZ events, the east Paciﬁc

equatorial zonal winds illustrate the Coriolis deﬂection of the
equatorial northerly ﬂow for dITCZ events, with easterlies
north of the equator and westerlies centered slightly south of
the equator. In the Southern Hemisphere, there is a large
region of southeasterlies oriented on a southeast to northwest
diagonal spanning the entire Paciﬁc. This large-scale wind
structure could be related to variations in the Paciﬁc Walker
circulation; however, this is beyond the scope of our focus on
the near-surface dynamics.
Figure 7 shows the 1998–2012 TMPA precipitation rate
anomalies (shading) along with 1980–2012 ERA5 horizontal
surface wind vectors 6 and 3 days leading up to and the day of
(lag = 26, 23, 0 days) nITCZ and dITCZ events for February–
April. The nITCZ events are associated with a strengthening broad, anomalously dry region spanning the eastern to
central Paciﬁc just south of the equator and a thin and zonally elongated anomalously wet region to its north spanning
nearly the entire Paciﬁc at lag = 0. These precipitation
anomalies constructively interfere with the climatological
north ITCZ and destructively interfere with the climatological south ITCZ (see Fig. 2), producing one strong north
ITCZ in total precipitation (not shown). The dITCZ events
show less coherent statistically signiﬁcant precipitation
anomalies, with a thin and zonally elongated anomalously
wet region in the far southeast Paciﬁc Ocean at lag = 0
(908–1258W) along with dry anomalies centered on the and
north of the equator extending westward. While the dITCZ
precipitation anomaly signals are less pronounced than they
are for nITCZ events, they do constructively interfere with
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FIG. 5. Composite ERA5 meridional surface wind anomalies (shading) and horizontal surface wind anomalies (vectors) for the days preceding (lag = 26 and 23) and the day of (lag = 0) (left) nITCZ and (right) dITCZ events during
February–April during 1980–2012. Only grid points where anomalies are statistically signiﬁcant at the a = 0.1 level are
plotted (Wilks 2016). The gray boxed region is where the meridional winds are averaged in the middle panels of Fig. 9.

the climatological south ITCZ (see Fig. 2), making the total
precipitation in the east Paciﬁc for dITCZ events more symmetric about the equator (not shown).
In Fig. 8, we plot ERA5 meridional surface divergence
anomalies (shading) along with horizontal surface wind vectors 6 and 3 days leading up to and the day of (lag = 26, 23,
0 days) nITCZ and dITCZ events for February–April 1980–2012.
Similar results are obtained for the horizontal surface divergence
(not shown). Similar to the TMPA precipitation rate anomalies,
the meridional divergence anomalies show several narrow bands
stretching across the east and central Paciﬁc that strengthen leading up to nITCZ and dITCZ events. For nITCZ events, there is a
strengthening band of meridional surface convergence in the
Northern Hemisphere extending to the date line. Nearly the
opposite occurs for dITCZ events, with a zonally elongated
convergence band in the Southern Hemisphere intensifying
prior to dITCZ events. Similar to the precipitation anomalies,

the meridional convergence band is more zonally conﬁned
(908–1258W) for dITCZ events. There are also two thin, zonally elongated divergence bands leading up to nITCZ events.
The southernmost divergence band destructively interferes
with the climatological southern ITCZ, in line with anomalously dry conditions in TMPA precipitation. Furthermore,
there is an equatorial thin and zonally elongated divergence
band in nITCZ events that appears to be associated with a
speed up of southerlies just north of the equator and northerlies just south of the equator leading up to nITCZ and dITCZ
events, respectively. Surface meridional convergence is an
accurate predictor of nITCZ and dITCZ events, lending to
our assertion of the important role of low-level dynamics in
east Paciﬁc ITCZ variability.
The lagged composite map plots show both rapid and semipersistent dynamical evolution preceding nITCZ and dITCZ
events. To highlight these two time scales within the context
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FIG. 6. As in Fig. 5, but for ERA5 zonal surface wind anomalies (shading). The gray boxed region is where the zonal
winds are averaged in the bottom panels of Fig. 9.

of the time evolution of nITCZ and dITCZ dynamics, the top
panels of Fig. 9 display 908–1358W ERA5 surface convergence
anomalies from 15 days before to 15 days after nITCZ and
dITCZ events averaged over 48–88N and 88–48S, respectively.
In the 2 weeks leading up to nITCZ events, Northern Hemisphere horizontal surface convergence anomalies intensify,
with the horizontal convergence maximizing 1 day before
nITCZ events. After nITCZ events, horizontal surface convergence anomalies drop off more slowly than they increased
before these events. For dITCZ events, Southern Hemisphere
horizontal surface convergence anomalies build up over time
and peak 1 day before and the day of the beginning of dITCZ
events. The decrease in horizontal surface convergence anomalies following dITCZ events occurs at a similar rate as the
increase in these anomalies leading up to dITCZ events.
In the middle and bottom panel of Fig. 9, we show the
908–1358W and 58S–58N meridional and 68S–28N zonal wind
anomalies, respectively. Again, a nearly opposite dynamical
evolution is seen between nITCZ and dITCZ events, with a
build-up of southerly anomalies across the equator and easterly

anomalies centered just south of the equator for nITCZ events,
and an increase in northerly anomalies across the equator and
westerly anomalies centered just south of the equator for
dITCZ events. For nITCZ events, the southerlies maximize 1
day prior to, while the easterlies maximize 1 day after, these
events. For dITCZ events, the same evolution is seen, with northerlies and westerlies maximizing 1 day prior to and after these
events, respectively. Prominent 3–5-day oscillations also are present in the meridional surface winds, especially for dITCZ events.
We hypothesize that these oscillations are related to mixed
Rossby–gravity wave activity (Kiladis et al. 2016), but further
investigation of these waves is outside the scope of this paper.
Due to the lack of time ﬁltering in Fig. 9, we claim that
there is a mix of daily and weekly time evolution of the nearsurface dynamics that may play signiﬁcant roles in driving
these nITCZ and dITCZ events. In particular, we aim to
understand what drives 1) the equatorial meridional ﬂow
associated with off-equatorial divergence that leads ITCZ
events and 2) the equatorial/south-of-equator zonal ﬂow that
peaks after ITCZ events.
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FIG. 7. As in Fig. 5 (note the inverted color map), but for 1998–2012 TMPA precipitation-rate anomalies (shading)
and 1980–2012 ERA5 horizontal surface wind anomalies (vectors).

c. Lagged zonally averaged meridional momentum budgets
To better understand the differences in the rapidly evolving
dynamics leading up to nITCZ and dITCZ events, we ﬁrst
examine the 908–1358W-averaged anomalous meridional surface momentum budget 2 days preceding nITCZ and dITCZ
events in Fig. 10. This lag is highlighted in orange shading in
Fig. 9 and it is when the local tendency of meridional momentum, y/t, is largest. For both nITCZ and dITCZ events, the
meridional momentum tendencies in the solid black curves
are enhanced by a factor of 5 to highlight their signs. Note
that the physical parameterizations and horizontal diffusion
terms are combined, Py 1 Ky (thin light-purple curves), as
they are the same sign and of similar magnitude (not shown).

1) NITCZ EVENTS
Preceding nITCZ events, there are sizeable southerly tendencies over 58S–108N, with meridional wind convergence
and divergence tendencies in the 38–108N and 88–38S bands,
respectively (solid black curve in Fig. 10), in broad

agreement with the strengthening of the anomalous crossequatorial ﬂow and meridional wind convergence and divergence in Figs. 5 and 8. The leading terms in the meridional
momentum budget are the pressure gradient force (PGF;
dash–dotted–dotted green curve in Fig. 10) and the parameterized physics and horizontal diffusion terms (thin light-purple
curve), which have southerly and northerly tendencies
throughout the domain, respectively. Secondary terms in the
nITCZ budget include the meridional advection of meridional
momentum (dotted blue curve) and the Coriolis force (dash–
dotted red curve); the zonal advection of meridional momentum (dashed orange curve) is negligible. The meridional
advection of meridional momentum (dotted blue curve) produces both southerly and northerly tendencies while the Coriolis force (dash–dotted red curve) mainly produces northerly
tendencies.
To gain more physical insight into the leading terms of
the meridional momentum tendencies in Fig. 10, Fig. 11
shows the climatological and total (climatology 1 anomaly)
ﬁelds used in the calculations of the anomalous meridional
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FIG. 8. As in Fig. 5, but for ERA5 meridional surface divergence anomalies (shading). The gray boxed regions are
where the horizontal convergence is averaged in the top panels of Fig. 9.

momentum budget terms 2 days preceding nITCZ and
dITCZ events. From the top-left to the bottom-right panels
are the meridional surface (10 m) wind, zonal surface wind,
surface wind speed, meridional surface wind convergence,
2y/y, 2-m virtual temperature, and the meridional derivative of the natural logarithm of the mean sea level pressure,
lnp/y. Climatological ﬁelds are shown in the solid gray
curves while total nITCZ and dITCZ ﬁelds are shown in
the dashed blue and dotted green curves, respectively. For
lnp/y, the anomalies are plotted in the dashed blue and
dotted green curves instead of the total lnp/y. Note that
the parameterized physics and horizontal diffusion terms
(thin light-purple curve of Fig. 10) are broadly estimated
using the 2cD|U|y terms typically used in surface momentum drag parameterizations (e.g., Gonzalez et al. 2016),
where cD and |U| are the surface drag coefﬁcient and 10-m
wind speed, respectively.
PGF anomalies promote southerly tendencies (dash–dotted–
dotted green curve of Fig. 10), which can be primarily attributed to enhanced northerly pressure gradients, as seen in the

bottom-right panel of Fig. 11. Virtual temperature anomalies
have a relatively small impact on these PGF anomalies (e.g.,
slightly enhancing them from 28 to 0.58S and north of 38N;
bottom-center panel of Fig. 11). On the other hand, the
parameterized physics and horizontal diffusion terms (thin
light-purple curve of Fig. 10) are associated with northerly tendencies that can be generally attributed to anomalously large
southerlies and wind speeds south of 38N and small northerlies
and wind speeds north of 4.58N as seen in the top-left and topright panels of Fig. 11.
As for secondary terms in the meridional momentum
nITCZ budget, the Coriolis force anomalies (dash–dotted
red curve of Fig. 10), which mainly promote southerly tendencies, can be explained by anomalously large and small
easterlies south of the equator and north of 28N, respectively (top-center panel of Fig. 11). Meridional advection of
the meridional momentum anomalies (dotted blue curve of
Fig. 10) can primarily be attributed to anomalous meridional surface wind divergence and convergence south and
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FIG. 9. Daily lag evolution composites of 908–1358W-averaged (top) 48–88 ERA5 horizontal surface convergence
anomalies and (middle) 58S–58N meridional and (bottom) 68S–28N zonal surface wind anomalies for (left) nITCZ and
(right) dITCZ events. The gray shading indicates the day of each ITCZ event while the orange and blue shading indicate the lags used in the calculation of the meridional and zonal momentum tendencies shown in the solid black curves
in Figs. 10 and 12.

north of the equator, respectively, as seen in the bottom-left
panel of Fig. 11.

2) DITCZ EVENTS
Returning to Fig. 10, the meridional momentum budget is
generally noisier before dITCZ events than nITCZ events,
especially in the 38S–68N region. The largest meridional
momentum tendencies (solid black curve) occur over 58S–68N
and south of 58S, which contain northerly and southerly tendencies, respectively. The dITCZ meridional momentum tendency structure (solid black curve) acts to enhance meridional
wind divergence and convergence anomalies in the 28–78N
and 7.58–18S bands, respectively.
In the 58S–68N region, the meridional momentum budget is
dominated by the PGF (dash–dotted–dotted green curve) and
the parameterized physics and horizontal diffusion terms
(thin light-purple curve). Similar to before nITCZ events,
these two terms produce meridional tendencies of the same
and opposite sign as the northerly meridional momentum tendencies (solid black curve), respectively. However, because
these terms have smaller meridional momentum tendencies
for dITCZ events compared to nITCZ events (note the
smaller x-axis bounds), the meridional advection of

meridional momentum anomalies (dotted blue curve) play a relatively more important role for dITCZ events. More speciﬁcally,
the meridional advection of meridional momentum (dotted blue
curve) constructively interferes with the PGF (dash–dotted–dotted green curve) and the meridional momentum tendencies
(solid black curve) by producing northerly tendencies over
3.58–0.58S and 2.58–68N. The Coriolis force (dash–dotted red
curve) becomes relatively large over 2.58–68N, producing southerly tendencies and opposing the meridional momentum tendencies (solid black curve). The zonal advection of meridional
momentum (dashed orange curve) is negligible everywhere.
In the region south of 58S, there are strong southerly tendencies (solid black curve) and all terms except the zonal
advection of meridional momentum (dashed orange curve)
play an important role in the anomalous meridional momentum budget. In particular, the meridional advection of meridional momentum (dotted blue curve) is key in producing
strong southerly tendencies and it has a similar latitudinal
structure as the meridional momentum tendencies (solid
black curve) but it is shifted slightly northward. In addition to
the meridional advection of meridional momentum (dotted
blue curve), strong southerly tendencies over 78–58S are promoted by the parameterized physics and horizontal diffusion
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FIG. 10. Composite 908–1358W-averaged, ERA5 meridional surface momentum budget 2 days preceding (lag = 22)
(left) nITCZ and (right) dITCZ events. The gray shading indicates the meridional surface wind region used in Fig. 9.
For reference, y/t is the meridional momentum tendency, 2u(y/x) is the zonal advection of meridional momentum, 2y(y/y) is the meridional advection of meridional momentum, 2feu is the Coriolis force (including metric
term), 2RdTy(lnp/y) is the meridional pressure gradient force, and Py 1 Ky represents parameterized physical processes and horizontal diffusion.

terms (thin light-purple curve) and they are opposed by
northerly tendencies associated with the Coriolis force
(dash–dotted red curve) and the PGF (dash–dotted–dotted
green curve). South of 78S, the PGF (dash–dotted–dotted
green curve) and the meridional advection of meridional
momentum (dotted blue curve) produce strong southerly tendencies and they are opposed by the Coriolis force (dash–dotted red curve) and the parameterized physics and horizontal
diffusion terms (thin light-purple curve).
Southerly and northerly tendencies driven by PGF anomalies (dash–dotted–dotted green curve of Fig. 10) can mainly
be explained by anomalous southerly and northerly pressure
gradients, respectively, as seen in the bottom-right panel of
Fig. 11. Similar to nITCZ events, the contributions of temperature and speciﬁc humidity to meridional PGF anomalies are
small; for example, anomalously warm and moist conditions
slightly enhance PGF anomalies north of 38N and from 28S to
the equator before dITCZ events (bottom-center panel of
Fig. 11). Southerly tendencies associated with the parameterized physics and horizontal diffusion terms (thin light-purple
curve of Fig. 10) can be attributed to anomalously weak southerlies and wind speeds from 78S to 3.58N, as seen in the top-left
and top-right panels of Fig. 11. Furthermore, northerly tendencies associated with the parameterized physics and horizontal
diffusion terms (thin light-purple curve of Fig. 10) can be
explained by anomalously large northerlies and wind speeds
north of 68N and anomalously large southerlies and wind speeds
south of 78S. The northerly tendencies due to the meridional
advection of meridional momentum (dotted blue curve of Fig.
10) north of 2.58N and from 3.58 to 0.58S can be primarily attributed to anomalous northerlies (top-left panel of Fig. 11). Southerly tendencies due to the meridional advection of meridional
momentum (dotted blue curve of Fig. 10) south of 3.58S can be
explained by anomalous meridional surface wind convergence,

as seen in the top-left panel of Fig. 11, associated with the
anomalously strong Southern Hemisphere ITCZ associated
with dITCZ events. Lastly, northerly and southerly tendencies
driven by the Coriolis force (dash–dotted red curve of Fig. 10)
south of 58S and 28N, respectively, can be attributed to anomalously strong easterlies (top-center panel of Fig. 11).

d. Lagged zonally averaged zonal momentum budgets
Figure 12 illustrates the 908–1358W-averaged anomalous
zonal surface momentum budget 1 day preceding nITCZ and
dITCZ events, as this lag is when the zonal momentum tendencies are largest (blue shading in Fig. 9). Just like the
meridional momentum budget in Fig. 10, the physical parameterizations and horizontal diffusion terms are combined, Pu 1
Ku (thin light-purple curve), as they are the same sign and of
similar magnitude (not shown).

1) NITCZ EVENTS
The solid black curve in Fig. 12 shows easterly tendencies
south of 38N and westerly tendencies to the north, in broad
agreement with the zonal wind maps in Fig. 6. The leading
terms in the nITCZ zonal momentum budget are the Coriolis
force (dash–dotted red curve), pressure gradient force (PGF;
dash–dotted–dotted green curve), and the parameterized
physics and horizontal diffusion terms (thin light-purple
curve). The Coriolis force (dash–dotted red curve) is nearly in
phase with the zonal momentum tendencies (solid black
curve), producing easterly and westerly tendencies south and
north of the equator, respectively. The parameterized physics
and horizontal diffusion terms (thin light-purple curve) nearly
everywhere oppose the Coriolis force (dash–dotted red
curve), producing mostly westerly and easterly tendencies
south and north of the equator, respectively. Meanwhile, the
PGF (dash–dotted–dotted green curve) produces easterly
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FIG. 11. Composite 908–1358W-averaged, ERA5 climatological (solid gray curves) and total (climatology 1 anomaly) dynamic and thermodynamic ﬁelds 2 days preceding (lag = 22) nITCZ (dashed blue curves) and dITCZ events (dotted green curves), including (top left)
meridional surface wind, (top center) zonal surface wind, (top right) surface wind speed, (bottom left) 2y/y, (bottom center) 2-m virtual
temperature, and (bottom right) lnp/y, where p is the mean sea level pressure. Note that lnp/y anomalies are plotted as dashed blue
and dotted green curves.

tendencies in the entire region. Similar to the nITCZ meridional momentum budget, the zonal advective term (dashed
orange curve) is negligible and the meridional advective term
(dotted blue curve) plays a secondary role in the zonal momentum budget, with both easterly and westerly tendencies.
Figure 13 shows the climatological and total (climatology 1
anomaly) ﬁelds used in the calculations of the anomalous
zonal momentum budget terms 1 day preceding nITCZ and
dITCZ events. From the top-left to the bottom-right panel
are the meridional surface (10 m) wind, zonal surface wind,
surface wind speed, negative meridional gradient of the zonal
wind, 2u/y, 2-m virtual temperature, and the zonal derivative of the natural logarithm of the mean sea level pressure,
lnp/x. Climatological ﬁelds are shown in the solid gray
curves while total nITCZ and dITCZ ﬁelds are shown in the
dashed blue and dotted green curves, respectively. Note that
the parameterized physics and horizontal diffusion terms
(thin light-purple curve of Fig. 12) are diagnosed via 2cD|U|u
(Gonzalez et al. 2016).
Easterly and westerly tendencies to the south and north,
respectively, are dominated by the Coriolis force (dash–

dotted red curve of Fig. 12); this behavior can be explained by
the anomalous southerlies deﬂecting the ﬂow more westward
over 08–8.58S and more eastward in the Northern Hemisphere
than usual, as seen in the top-left panel of Fig. 13. The westerly tendencies over 98S–28N produced by the parameterized
physics and horizontal diffusion terms (thin light-purple curve
of Fig. 12) can be attributed to anomalously strong easterlies
and wind speeds (top-center and top-right panels of Fig. 13).
At the same time, the easterly tendencies over 28–7.58N produced by the parameterized physics and horizontal diffusion
terms (thin light-purple curve of Fig. 12) can be attributed to
anomalously weak easterlies and wind speeds. Easterly PGF
anomalies (dash–dotted–dotted green curve of Fig. 10) can be
mainly attributed to westerly pressure gradient anomalies,
with cool and dry anomalies slightly diminishing and enhancing the PGF anomalies south and north of 58N, respectively,
as seen in the bottom-center and -right panels of Fig. 13.
Although a secondary term in the zonal momentum budget,
the easterly and westerly tendencies associated with the meridional advection of zonal momentum (dotted blue curve of Fig. 12)
over 58S–0.58 and 0.58–78N, respectively, can be explained by

Unauthenticated | Downloaded 01/09/23 04:16 PM UTC

1210

JOURNAL OF CLIMATE

VOLUME 35

FIG. 12. As in Fig. 10, but for the zonal surface momentum budget 1 day preceding (lag = 21) (left) nITCZ and
(right) dITCZ events. The gray shading indicates the zonal surface wind region used in Fig. 9. For reference, u/t is
the zonal momentum tendency, 2u(u/x) is the zonal advection of zonal momentum, 2y(u/y) is the meridional
advection of zonal momentum, fey is the Coriolis acceleration (including metric term), 2RdTy(lnp/x) is the zonal
pressure gradient force, and Pu 1 Ku is the zonal momentum tendency due to parameterized physical processes and
horizontal diffusion.

stronger southerlies than usual, as seen in the top and bottomleft panels of Fig. 12.

2) DITCZ EVENTS
Coming back to Fig. 12 for dITCZ events, we see westerly
zonal momentum tendencies (solid black curve) in the entire
domain, with a peak in westerly tendencies over the 38S–48N
band. All terms except the zonal advection of meridional
momentum (dashed orange curve) play an important role in
the anomalous zonal momentum budget for dITCZ events.
From 58S to the equator, westerly tendencies are produced by
the Coriolis force (dash–dotted–dotted red curve), PGF
(dash–dotted–dotted green curve), and the meridional advection of zonal momentum (dotted blue curve); easterly tendencies are produced by the parameterized physics and
horizontal diffusion terms (thin light-purple curve). From the
equator to 3.58N, westerly tendencies are produced by the
PGF (dash–dotted–dotted green curve) and the meridional
advection of zonal momentum (dotted blue curve) while easterly tendencies are produced by the parameterized physics
and horizontal diffusion terms (thin light-purple curve) and
the Coriolis force (dash–dotted red curve).
The westerly and easterly tendencies south and north of the
equator due to the Coriolis force (dash–dotted red curve in
Fig. 12) can be attributed to the northerly anomalies shown in
the top-left panel of Fig. 13. The westerly tendencies produced by the PGF can be explained by anomalous easterly
pressure gradients, as seen in the dashed blue curve in the
bottom-right panel of Fig. 13. Anomalously warm and moist
conditions slightly enhance and diminish the PGF anomalies
north and south of 2.58N, respectively (bottom-center panel
of Fig. 13). The meridional advection of zonal momentum has
its largest impact producing westerly tendencies over
58S–4.58N, which can be explained by anomalously weak

southerlies over 58S–0.58N and anomalously strong meridional gradients of the zonal wind from 0.58–4.58N, as seen in the
top and bottom-left panels of Fig. 13. The easterly and westerly tendencies produced by the parameterized physics and
horizontal diffusion terms (thin light-purple curve of Fig. 12)
are attributed to anomalously weak easterlies and wind
speeds from 78S–38N and anomalously strong easterlies and
wind speeds north of 48N, respectively.

4. Summary and conclusions
February–April is a unique season over the tropical east
Paciﬁc Ocean when it has been observed that the ITCZ experiences daily–weekly latitudinal shifts and splits (Haffke et al.
2016). Using QuikSCAT surface winds and TMPA precipitation, we show that the east Paciﬁc and Atlantic Oceans are
the regions where the large-scale, zonally elongated bands of
tropical surface convergence and precipitation are most
strongly correlated on monthly time scales, which motivates
the usefulness of investigating transient, near-surface ITCZ
dynamics over the east Paciﬁc. We demonstrate that February–
April is a climatological “window of opportunity” for the emergence of double ITCZs and strong variability in ITCZ position
over the east Paciﬁc; as the near-equatorial surface (especially
meridional) winds decay, the Northern Hemisphere ITCZ
weakens and the Southern Hemisphere ITCZ strengthens so
that both ITCZs get closer to near-equal strength. Furthermore,
any signiﬁcant equatorial meridional wind variability about the
climatological mean has the potential to substantially alter the
interhemispheric transport of temperature, moisture, energy,
momentum, and thus, the latitudinal location of the zonally
elongated convergence bands.
We utilize subdaily ITCZ states from a pattern recognition
algorithm (Henke et al. 2012; Haffke et al. 2016) to illustrate

Unauthenticated | Downloaded 01/09/23 04:16 PM UTC

15 FEBRUARY 2022

GONZALEZ ET AL.

1211

FIG. 13. As in Fig. 11, but 1 day before (lag = 21) nITCZ and dITCZ events. Note that 2u/y, not 2y/y, is in the bottom-left panel and
the total ﬁeld of lnp/y before nITCZ and dITCZ events are plotted as the dashed blue and dotted green curves, respectively.

the time evolution of the large-scale near-surface dynamics in
ERA5 associated with the two most common February
through April submonthly (2–30 days) ITCZ events, northern
(nITCZ) and double ITCZ (dITCZ) events. There is a rapid
(daily) and slower (weekly) anomalous dynamical evolution
associated with both nITCZ and dITCZ events. One to two
days prior to nITCZ events, there is a peak in cross-equatorial
southerly and northwesterly Southern Hemisphere subtropical
anomalous ﬂows that stretch across the east and central Paciﬁc.
The southerly tendencies are in phase with intensifying zonally
elongated anomalous divergence and convergence bands in the
Southern and Northern Hemispheres, respectively. One or two
days later, an elongated band of easterly anomalies centered just
south of the equator maximizes. There is a similar intensiﬁcation
of cross-equatorial northerly and Southern Hemisphere convergence anomalies that peak 1 day prior to or the day of dITCZ
events, but they are more zonally conﬁned to the east Paciﬁc.
South of the Southern Hemisphere convergence band, there is a
zonally elongated region of strong southeasterly anomalies leading up to dITCZ events that is associated with an anomalously
strong subtropical high and may contribute to Southern Hemisphere ITCZ intensiﬁcation. One or two days after the peak in
equatorial northerly and Southern Hemisphere convergence
anomalies, zonally elongated westerly anomalies appear

centered just south of the equator. Thus, we see a rapid evolution of meridional winds and off-equatorial convergence and
divergence bands peaking 1 or 2 days before nITCZ and dITCZ
events followed by a peak in zonal winds 1 or 2 days later.
Although beyond the scope of this study, we note that the
anomalous near-equatorial southeasterlies that intensify during nITCZ events constructively interfere with the background ﬂow, enhancing surface wind speeds, the east Paciﬁc
equatorial cold tongue, and meridional surface pressure gradients on and north of the equator (i.e., Fig. 11). On the other
hand, dITCZ events are associated with diminished surface
wind speeds, a weaker equatorial cold tongue, and enhanced
meridional surface pressure gradients south of the equator
(i.e., Fig. 11). How these opposing behaviors of nITCZ and
dITCZ events ﬁt into wind–evaporation–SST feedback theory
(Xie and Philander 1994) and other mechanisms will be
explored in a follow-up study.
To improve our understanding of the physical mechanisms driving the time evolution of the near-surface zonal
and meridional wind anomalies over the east Paciﬁc, we
quantify the zonally averaged anomalous zonal and meridional momentum budgets when the zonal and meridional
momentum tendencies peak, 1 and 2 days prior to nITCZ
and dITCZ events, respectively. The zonal and meridional
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momentum budgets before nITCZ events show important
roles for the pressure gradient force (PGF), Coriolis force,
and the parameterized physics and horizontal diffusion
terms, which we mainly attribute to surface momentum drag
(Gonzalez et al. 2016). Therefore, the anomalous ﬁrst-order,
low-level dynamics associated nITCZ events appear to be
driven by the three terms in Ekman balance. More speciﬁcally, southerly cross-equatorial ﬂow is promoted by the
meridional PGF while near-equatorial easterlies are driven
by the zonal PGF and the Coriolis force preceding nITCZ
events. Secondary contributions to the nITCZ anomalous
momentum budgets come from meridional advection of the horizontal momentum. On the contrary, the meridional advection of
horizontal momentum terms play just as an important of a role
as the PGF, Coriolis force, and the parameterized physics and
horizontal diffusion terms before dITCZ events due in part to
the smaller accelerations produced by latter three terms. More
speciﬁcally, northerly cross-equatorial ﬂow is promoted by the
meridional PGF and the meridional advection of meridional
wind while near-equatorial westerly tendencies are driven by
the meridional advection of zonal momentum, the zonal PGF,
and the Coriolis force. Last, southerly tendencies south of 58S
that “feed” into the southern ITCZ are highly correlated with
meridional advection of meridional momentum anomalies.
Comparing the climatological and total (climatology 1
anomaly) dynamic and thermodynamic ﬁelds before dITCZ
and nITCZ events demonstrates that horizontal PGF anomalies
can be primarily attributed to variations in pressure gradients
and less so to variations in temperature or speciﬁc humidity.
We also observe weaker equatorial wind speeds and more symmetric dynamical (horizontal winds and convergence) latitudinal structure associated with the westerly and northerly
anomalies before dITCZ events, and the opposite for nITCZ
events (see Figs. 11 and 13). The equatorial westerly tendencies
and anomalously weak east Paciﬁc cold tongue prior to dITCZ
events are consistent with the anti-Hadley circulation negative
feedback mechanism discussed in Adam (2021), wherein geostrophically balanced westerlies balance the easterly ocean wind
stress that promotes equatorial upwelling. Furthermore, our
zonal momentum budget for dITCZ events south of the equator is qualitatively consistent with the symmetric anti-Hadley
circulation associated with Fig. 7 of Adam (2021), in that there
is an anomalous poleward ﬂow that dominates the meridional
advection of the zonal momentum.
While the meridional advective terms are often smaller
than the Coriolis and pressure gradient forces, they are much
less variable on a day-to-day basis (shown in Figs. S5 and S6
in the online supplemental material), implying that they play
a primary role in driving zonal and meridional momentum
tendencies for some nITCZ and dITCZ events. Thus, it comes
as no surprise that models struggle to simulate the ITCZ surrounding the months of February through April (Adam et al.
2018) as small errors in any one of the momentum budget
terms could lead to errors in ITCZ dynamics in model simulations. Improving our understanding of subseasonal nITCZ and
dITCZ events in observations and reanalyses is a step in the
right direction to formulating a more complete theory of oceanic ITCZs. While this study has placed focus on the east Paciﬁc
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Ocean ITCZ, our analyses could be extended to the Atlantic
Ocean ITCZ, which also experiences substantial climate model
biases (Adam et al. 2018). The Atlantic, similar to the east
Paciﬁc, exhibits strong correlations between tropical surface
convergence and precipitation (e.g., Fig. 3).
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