
1.  Introduction
The Indian Ocean is a unique basin of atmospheric and oceanic intraseasonal variability. In the atmosphere, 
it is the preferred region for initiation and intensification of the intraseasonal oscillation (ISO) (Kiladis 
et al., 2014; Madden & Julian, 1971). Intraseasonal wind stress, including that from the ISO, forces counter 
propagating equatorial Rossby (ER) and Kelvin waves in the ocean. Kelvin waves that reach the eastern 
boundary reflect as Rossby waves, and Rossby waves that reach the western boundary can reflect as Kelvin 
waves. Interactions between the wind forced waves and the reflected waves produce a constructive interfer-
ence that amplifies them on preferred timescales, as demonstrated in many linear models that are consist-
ent with tropical Indian Ocean mooring data (Effy et al., 2020; Fu, 2007; Han, 2005; Han et al., 2001, 2011; 
Jensen, 1993). Recent linear modeling work showed that most of the westward propagating intraseasonal 
variability in the ocean results from the first two baroclinic mode ER waves (Nagura & McPhaden, 2012). 
In the same model, it was shown that the reflection of Rossby wave energy at the western boundary (i.e., 
Africa) is weak due to the sink of energy by short Rossby waves. As a result, only wind forced waves in the 
ocean interior and Kelvin waves reflected at the eastern boundary are necessary for intraseasonal resonance 
in the tropical Indian Ocean.

Abstract  During the intraseasonal oscillation (ISO) in the tropical Indian Ocean, a recent study 
observed an interesting relationship between atmospheric convection and ocean heat content anomalies. 
Ocean heat content anomalies maximize during periods of enhanced convection. Using that study as 
motivation, the processes responsible for this behavior are further investigated using satellite observations 
and a state-of-the-art ocean reanalysis. These data show that ocean dynamics linked to first baroclinic 
mode equatorial Rossby (ER) waves are responsible for the routine synchronization of anomalous ocean 
heat content and atmospheric convection during the ISO. Using a novel index to identify oceanic ER 
waves in the Indian Ocean, we observe the following sequence of events indicative of two-way feedbacks 
between large-scale intraseasonal modes in the atmosphere and ocean: (a) Westerly wind stress associated 
with the enhanced convective phase of the ISO piles mass in the eastern Indian Ocean forcing a westward 
oriented pressure gradient along the equator. (b) The easterly wind stress that immediately follows 
combines with the pressure gradient forcing to generate downwelling ER waves that slowly propagate 
westward. (c) The waves maximize in the central Indian Ocean where they depress the isotherms and 
increase the ocean heat content as the next enhanced convective phase of the ISO passes and intensifies. 
The entire feedback loop transpires over 90 days.

Plain Language Summary  A large collection of precipitating clouds and strong winds in 
the tropical atmosphere, known as the intraseasonal oscillation (ISO), generates planetary waves in the 
ocean. These waves are only several centimeters tall at the ocean surface, but are capable of transporting 
large amounts of heat. The planetary waves, also referred to as Rossby waves, travel very slowly and 
take several months to cross the Indian Ocean from east to west. We observe that these ocean waves are 
initially generated by the eastward winds within the ISO and subsequently intensified by the westward 
winds that are in front of the next ISO. The waves increase the amount of warm water in the upper ocean 
so that when the next ISO arrives, the waves support the development and intensification of clouds and 
precipitation within the ISO. In short, a portion of the energy from the ISO is stored in the ocean in the 
form of ocean Rossby waves, which then warm the upper ocean and strengthen the following ISO.
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Several outstanding questions remain regarding interactions of oceanic equatorial waves and the ISO in 
the Indian Ocean: (a) Do these ocean resonances, previously simulated in linear models, systematically 
feedback to the atmosphere such that they modify the phase speed or intensity of subsequent ISO events? 
If so, how? (b) How do successive large-scale alternating wind anomalies associated with the ISO (or other 
modes of intraseasonal wind stress) preferentially amplify the intrinsic ocean resonance versus dampen it? 
(c) What large-scale variations in tropical Indian Ocean surface and subsurface conditions occur as a result 
of the ocean resonance?

The ocean response to intraseasonal forcing may be decomposed into two categories: (a) contemporaneous 
response and (b) lagged response. In the contemporaneous response category, strong winds and heavy pre-
cipitation associated with the active phase of the ISO cool the ocean mixed layer through enhanced surface 
latent heat fluxes, increased turbulent mixing, and reduced incoming shortwave radiation. During the sup-
pressed phase of the ISO, weak winds, reduced precipitation, and enhanced incoming shortwave radiation 
warm the ocean mixed layer. As the ISO propagates eastward, SST is maximized just ahead of the convective 
envelope then rapidly cools as convection advances into the area (DeMott et al., 2015).

Over the last decade, important roles for the second category, the lagged response, have been discovered. 
These include intraseasonal contributions from large-scale ocean equatorial waves that trail the initial ISO 
forcing, adding greater complexity to intraseasonal atmosphere-ocean interactions (Azaneu et  al.,  2021; 
Rydbeck & Jensen, 2017; Rydbeck et al., 2017; Rydbeck, Jensen, Smith, et al., 2019; Webber et al., 2010; 
Webber, Matthews, et al., 2012; Webber, Stevens, et al., 2012; West et al., 2018, 2020). These ocean waves 
arise from the integrated and somewhat lagged ocean response to forcing by ISO wind stress anomalies. 
Webber et al. (2010) observed that primary ISO events, those with no antecedent atmospheric signals, are 
often preceded by downwelling ER waves in the ocean. These waves deepen the mixed layer and warm the 
ocean surface in the western tropical Indian Ocean prior to ISO convective onset.

They hypothesized that these ocean waves are forced by ISO events that occurred several months earlier, 
creating a positive feedback loop where ISO wind stress drives a downwelling Kelvin wave that reflects 
at the eastern boundary of the Indian Ocean as ER waves. These waves then arrive in the western Indi-
an Ocean ∼90 days later and force a subsequent ISO event by increasing surface latent heat fluxes and 
converging low-level moisture (Rydbeck & Jensen, 2017) which humidifies the atmospheric boundary lay-
er and prompts convection initiation. The hypothesis has been supported using observations (Rydbeck & 
Jensen, 2017; Webber, Matthews, et al., 2012; Webber, Stevens, et al., 2012; West et al., 2018, 2020) and a 
cloud resolving model (Rydbeck, Jensen, & Igel, 2019). These studies suggest that ER waves are partly re-
sponsible for the episodic nature of the ISO and may help to explain its broadband behavior, particularly its 
low-frequency tail. However, this mechanism of ISO initiation is relatively infrequent, occurring once or 
twice every couple of years (Rydbeck & Jensen, 2017; Webber et al., 2010; Webber, Matthews, et al., 2012; 
Webber, Stevens, et al., 2012; West et al., 2018, 2020).

While ISO convection onset linked to ocean waves occurs rather intermittently, recent research has indi-
cated a more consistent relationship between ocean waves and the ISO. When averaging strong ISO events 
from 1994 to 2015, SST anomalies are observed to cool during the convectively active phase of the ISO, but 
anomalous OHC increases over the central and western tropical Indian Ocean (Rydbeck, Jensen, Smith, 
et al., 2019). That is to say, the reservoir of warm water in the upper ocean increases even as surface fluxes 
and turbulent mixing cool the sea surface. This finding differs from earlier research studies that focused on 
the initiation of ISO by ER waves. These recently published results, instead, connect the maintenance and 
intensification of previously existing ISO events with ER waves. We hypothesize that the synchronization 
of intraseasonal atmospheric convection and OHC anomalies in the tropical Indian Ocean, as shown in 
Rydbeck, Jensen, Smith, et al. (2019), is the result of forcing by first baroclinic mode ER waves in the ocean.

This study is purposed to increase our understanding of the pathways by which planetary waves in the 
ocean and intraseasonal variability in the atmosphere support a positive feedback loop. While much work 
has been undertaken to understand the mechanisms by which ocean intraseasonal variability is generated 
and amplified by the ISO, much less has been done to understand how intraseasonal ocean modes feedback 
onto the ISO. We extend these previous studies by investigating a new pathway of atmosphere-ocean in-
traseasonal reciprocation, described by the following series of events. Intraseasonal westerly wind forcing 
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associated with the ISO accumulates mass in the eastern equatorial Indian Ocean. When the anomalous 
westerlies switch to easterlies, ER waves are generated and propagated westward by wind stress and pres-
sure gradient forcing. The ER waves amplify under persistent easterly wind stress anomalies associated with 
the next ISO event. As a result, ER waves are typically strongest in the central Indian Ocean, before ISO 
easterlies switch to westerlies, and depress the thermocline such that OHC increases. When the enhanced 
convective phase of the next ISO propagates across the region of anomalously increased OHC, ISO convec-
tion is observed to intensify in our study. In other words, the memory of the first ISO event is retained in the 
form of equatorial waves in the ocean which communicate with the following ISO event via their effect on 
upper OHC, creating a positive feedback loop. The forcing of ocean equatorial waves by ISO wind stress is 
well known, however the modulating effect of the ocean on successive ISOs has only recently been explored 
(Moum et al., 2016). The present study expands on this emerging area of research.

This investigation describes the overall behavior of ER waves as a function of their lifecycle, explains the 
observed regional dependencies of the leading mode intraseasonal ER waves in the tropical Indian Ocean, 
and reveals a new feedback loop that supplements the linear modeling research previously mentioned. We 
are specifically interested in using data from satellites and model reanalysis to examine the ocean planetary 
wave dynamics hypothesized to control the behavior of intraseasonal OHC anomalies in the tropical Indian 
Ocean. In order to do this, we develop an objective methodology to detect and catalog intraseasonal ER 
waves using satellite data. Section 2 describes these methods as well as the data used in the study. Section 3 
characterizes the patterns of first baroclinic mode ER waves and their relationship to the ISO, Section 4 
investigates the processes modulating the upper OHC and zonal momentum of ER waves, and Section 5 
provides a summary of the results.

2.  Methodology
2.1.  Data

ER wave composites of observed and reanalysis fields are shown throughout the investigation. The compos-
ite analysis is based on an index derived from satellite observations of sea surface height (SSH) anomalies 
from the Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) level 4 reanalysis 
data set (Pascual et  al.,  2006). The SSH anomalies are available as daily averages on a 0.25° horizontal 
grid. Observations used in the composites include sea surface temperature (SST) from the National Oceanic 
and Atmospheric Administration (NOAA) daily optimum interpolation V2 (0.25°) (Reynolds et al., 2007), 
daily zonal pseudostress (0.25°) calculated as 

E u u  from the European Center for Medium Range Weather 
Forecasts Version 5 Reanalysis 10 m zonal winds (Hersbach et al., 2020), daily outgoing longwave radiation 
(OLR) (1°) from the NOAA Climate Data Record (Lee, 2011), and surface currents (1/3°; interpolated to 
daily) from the Ocean Surface Current Analysis Real-time (Bonjean & Lagerloef, 2002; ESR, 2009) data sets.

A state-of-the-art HYCOM reanalysis (Metzger et al., 2017) is also used to examine subsurface character-
istic of ER waves, including processes contributing to the tendencies of OHC and zonal momentum. The 
main utility of the reanalysis data set is the availability of subsurface variables, such as temperature and 
currents, at daily intervals and fine horizontal grid spacing. Without such reanalysis products, we are un-
able to fully resolve the coherent propagation of subsurface signals associated with planetary waves in the 
ocean. HYCOM reanalysis is composed of 41 vertical layers and a horizontal grid spacing of ∼9 km near the 
equator. The reanalysis covers the years 1994–2015 and uses surface forcing fields from the National Centers 
for Environmental Prediction Climate Forecast System Reanalysis (Saha et al., 2010). The reanalysis also 
assimilates observed fields such as SSH, SST, sea ice concentration, salinity, and temperature from in situ 
observations such as ships, buoys, expendable bathythermographs, CTDs, and Argo floats among others, as 
well as satellite retrievals.

2.2.  Methods

Previous studies have used an atmospheric index of the ISO to examine intraseasonal ocean dynamics in the 
region. For example, Webber et al. (2010) and Webber, Stevens, et al. (2012) used an ISO index based on OLR 
(Matthews, 2008), to investigate downwelling ER waves that force the initiation of primary ISO events in 
the western Indian Ocean. We investigate intraseasonal atmosphere-ocean interactions using an objective 
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index that identifies ocean ER waves using satellite observations of SSH, instead of an ISO index based 
on atmospheric variables (i.e., Kikuchi et al., 2012; Kiladis et al., 2014; Matthews, 2008; Wheeler & Hen-
don, 2004). Because of this, we more precisely identify processes determining intraseasonal OHC variability 
associated with ER waves, a limitation of Rydbeck, Jensen, Smith, et al. (2019) that used an OLR-based ISO 
index. In showing that systematic relationships between intraseasonal modes in the atmosphere and ocean 
hold regardless of the identifying index used, we increase confidence that these connections are not simply 
the result of selection criteria bias.

To isolate variability associated with intraseasonal ER waves, a newly developed ER wave index is employed 
using methods similar to those in a recent study of intraseasonal Kelvin waves in the equatorial Pacific 
Ocean (Rydbeck, Jensen, & Flatau, 2019) and also those routinely used in identification and classification 
of the ISO (e.g., Kiladis et al., 2014; Wheeler & Hendon, 2004). In short, this method filters SSH anomalies 
in wavenumber-frequency space to isolate the ER wave variability of interest. The leading pair of empirical 
orthogonal functions (EOFs) of the filtered SSH data describe the westward propagating first baroclinic 
mode ER wave, and the associated principal components (PCs) are used to characterize the wave's phase 
and amplitude. Composites are then generated for waves of sufficient amplitude and similar phasing in 
order to describe the wave's lifecycle. Details of the index are described below.

The ER wave index is based on AVISO SSH anomalies from 1993 to 2018. We remove the first three harmon-
ics of the seasonal cycle, then filter to retain variability with 30–150-day periods and stationary/westward 
wavenumbers (i.e., those less than or equal to zero). The EOFs are calculated in the region of 6°S–6°N, 
50°E–95°E in order to capture the salient characteristics and maximize the variance explained. While the 
variance explained decreases when the region is expanded, the leading features of the EOF analysis remain 
the same when latitude bounds are extended to 10°S/N and longitude bounds to 45°E and 105°E, respective-
ly. The linear regression of AVISO SSH anomalies onto the first two PCs are shown in Figure 1 and represent 
the physical patterns of the leading EOFs with units of cm. The leading EOFs display SSH maxima/minima 
that are quasi-equatorially symmetric and located near the latitudes of +/- 4°. The first two EOFs are sep-
arable from lower modes according to the criterion of North et al. (1982) (Figure 2a) and when combined 
describe 41% of the westward propagating, intraseasonal variability in the equatorial Indian Ocean. The 
corresponding PCs have a correlation of 0.88 (−0.91) when PC2 leads (lags) PC1 by 21 days (Figure 2b), 
indicating that the modes describe the westward propagation of SSH anomalies. The PCs are also charac-
terized by statistically significant spectral power at periods of 90 days (Figures 2c and 2d). The periodicity, 
phase direction, latitudes of propagation, and SSH signature correspond to first baroclinic mode ER waves.

A central utility of the EOF/PC pair is the generation of phase and amplitude descriptors of intraseasonal 
ER waves using the following formula:

      
2 2

Amplitude PC1 PC2t t t� (1)

   
 


 
 
  

1 PC1
Phase tan

PC2
t

t
t

� (2)

The amplitude and phase information are used to generate composites of ER waves that represent the 
wave's entire lifecycle. Phases are discretized into eight bands of 45° phase widths such that each phase 
represents ∼11 days of the wave's 90-day lifecycle. For each phase, ER waves that exceed 1.5 standard devia-
tions are used for averaging in the composites. Intraseasonal anomalies shown in the composites are calcu-
lated by removing the first three harmonics of the seasonal cycle and applying a 30–150-day bandpass filter.

Statistical significance of the composite mean of intraseasonal anomalies for each phase is calculated using 
a two-tailed single sample t-test. A moving-blocks bootstrap with replacement is utilized to calculate the 
sample standard deviation used in the significance testing. A full description of this method is provided in 
Henderson et al. (2016) and is briefly described here. We first take the full record (1993–2018) of the variable 
and divide it into overlapping segments of block length l. The block length is calculated as the number of 
days in each phase, N, divided by the number of independent events in each phase. The number of inde-
pendent events per phase is calculated by grouping consecutive days together such that they count as a sin-
gle event. The block length is rounded to the nearest integer. For ER wave phases 1–8, the respective block 
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lengths are 7, 10, 11, 8, 7, 11, 12, and 7 days. To create a bootstrap sample of size N, we randomly sample and 
join N/l blocks of event data. This process is repeated 5,000 times to create bootstrap samples from which 
the sample standard deviation is calculated.

3.  ER Waves
In this section, we examine the behavior of ER waves in the tropical Indian Ocean including their gener-
ation, maturation, and termination. Rossby waves are central to the evolution of the Indian Ocean Dipole 
through their modulation of the thermocline in the western Indian Ocean (Chowdary et al., 2009; Han 
et al., 1999; Murtugudde et al., 2000; Nagura & McPhaden, 2010; Vinayachandran et al., 1999, 2002, 2009) 
but are examined here in the context of the atmospheric ISO. Of particular interest is the relationship of 
ER waves to deep atmospheric convection and associated wind stress. We investigate the timing of these 

Figure 1.  Linear regressions of unfiltered Archiving, Validation, and Interpretation of Satellite Oceanographic sea surface height (cm) anomalies onto the 
two leading principal components (multiplied by −1) are shown to represent the physical patterns of the leading empirical orthogonal functions (EOFs) with 
percent variance explained by each EOF in the upper right above each panel.
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features in relation to one another, and attempt to diagnose feedbacks between them. These relationships 
are shown as a function of the ER wave index described in Section 2.2.

3.1.  General Characteristics

Following the work of Rydbeck, Jensen, Smith, et al. (2019), we investigate ER waves hypothesized to reg-
ulate OHC in the tropical Indian Ocean during the ISO. The evolution of the first baroclinic mode ER 
wave is shown using intraseasonal anomalies of SSH and surface currents (Figure  3). Increases in SSH 
are associated with ocean downwelling which depresses the thermocline and, in turn, increases the upper 
OHC which raises the height of the sea surface. Downwelling (upwelling) waves are indicated by positive 
(negative) SSH anomalies. Phases 1 and 2 show the waning of upwelling waves in the central Indian Ocean 
and concomitant weakening of eastward currents along the equator. At the same time, downwelling waves 

Figure 2.  The (a) variance explained by the first 10 empirical orthogonal functions (EOFs) (dots) with standard errors 
(lines), (b) lag correlation of the leading principal components (PCs), (c) power spectrum of the first PC (black), and (d) 
power spectrum of the second PC (black) are shown. The power spectra (c and d) are shown with the 99% and 1% upper 
and lower significance levels (dotted lines) and the red noise spectrum (dashed lines). The blue line in panels (c and d) 
represents the background subseasonal sea surface height (SSH) spectrum taken from SSH anomalies filtered to retain 
periods less than 400 days.
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near the Sumatra coast and westward currents along the equator are developing and propagating westward. 
Anomalous SSHs increase in magnitude to 6 cm and westward currents accelerate to 50 cm s−1, while con-
tinuing their propagation westward into the central Indian Ocean during phases 3 and 4. The downwelling 
wave in the northern hemisphere weakens in phase 5, likely owing to interactions with Sri Lanka and the 
Maldives. Upwelling waves that flank an anomalous eastward current along the equator begin to propagate 
away from the Sumatra coast in phase 6, and intensify in phases 7 and 8.

Figure 3.  Composite maps of the 30–150-day band-pass-filtered Archiving, Validation, and Interpretation of Satellite Oceanographic sea surface height (SSH) 
(shading, cm) and Ocean Surface Current Analysis Real-time surface currents (vector, m/s) anomalies based on the equatorial Rossby (ER) wave index are 
shown for phases 1–8. The number of days in each phase composite is shown in the upper left, and the reference current vector is shown in the bottom left of 
each panel.
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Downwelling waves propagate farther to the west with greater intensity than their upwelling counterparts. 
This behavior also extends to the equatorial zonal currents, suggesting a preferred maintenance mechanism 
for downwelling versus upwelling waves. We investigate this in Section 4.2 where the terms contributing to 
the momentum tendency of the equatorial zonal currents are quantified and examined. We briefly examine 
one possible mechanism here. Figure 4 shows the intraseasonal zonal wind stress and SSH anomalies as a 
function of phase and longitude. Wind stress anomalies are averaged from 5°S to 5°N while SSH anomalies 
are averaged for the latitude bands 2°–6°N and 2°–6°S in order to isolate the SSH maxima and minima 
shown in Figure 3. Westerly (easterly) wind stress anomalies of 10 m2 s−2 (−9 m2 s−2) immediately precede 
the generation of downwelling (upwelling) ER waves along the eastern boundary during phases 6 and 7 (2 
and 3). These ER waves are likely generated by the reflection of downwelling Kelvin waves that are forced by 
the eastward propagating wind stress anomalies. In this study, the procedure of compositing for westward 
propagating ER waves excludes eastward propagating Kelvin wave variability.

However, the generation of Kelvin waves by eastward propagating intraseasonal wind stress, like that 
shown in Figure  4, is well documented (Fu,  2007; Han,  2005; Iskandar & McPhaden,  2011; Iskandar 
et  al.,  2005; Jensen et  al.,  2015; Pujiana & McPhaden,  2020; Sengupta et  al.,  2007; Shinoda et  al.,  2013; 
Vialard et al.,  2009). Downwelling ER waves then propagate westward, encountering a region of strong 
anomalous easterly wind stress between 80° and 85°E and phases 1–3 which accelerates the westward zonal 
current. A similar process occurs for upwelling waves and the respective eastward zonal currents. A primary 
difference between the easterly and westerly zonal wind stress anomalies is their duration. Easterly wind 

Figure 4.  Composite of 30–150-day band-pass-filtered Archiving, Validation, and Interpretation of Satellite Oceanographic sea surface height (SSH) (contours, 
cm) and ERA5 zonal pseudostress (shading, m2 s−2) anomalies based on the equatorial Rossby wave index are shown for phases 1–8. SSH anomalies are 
averaged from 2° to 6°S and 2° to 6°N. Solid (negative) contours are positive (dashed). The contour interval is 0.5 cm and omits the zero-contour line. Zonal 
pseudostress anomalies are averaged from 5°S to 5°N. Climatological zonal pseudostress averaged from 5°S to 5°N is shown in the bottom panel. White stippling 
indicates zonal pseudostress values significantly different from zero at the 99% confidence threshold. The black line indicates a phase speed of 6.9 m s−1.
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stress anomalies persist for approximately 4.5 phases while westerly wind stress anomalies persist for 3.5 
phases, indicating that westward currents and downwelling ER waves are supported by more enduring local 
wind forcing (∼50 vs. ∼39 days).

3.2.  Synchronization With the ISO

A remarkable feature of Figure 4 is the synchronization of intraseasonal zonal pseudostress and SSH anom-
alies in the equatorial Indian Ocean indicative of a systematic relationship between ISO amplification and 
ER wave generation and maintenance. Near 100°E, the generation of upwelling and downwelling ER waves 
is coincident with negative and positive pseudostress anomalies, respectively. The upwelling and down-
welling waves also reach peak amplitude shortly after the pseudostress maximum and minimum cross 
the ER wave path near 80°E. Pseudostress anomalies in Figure 4 propagate eastward with a phase speed 
of 6.9 m s−1 indicated by the black line. This is slightly faster than the ISO (5.0 m s−1) (Knutson & Weick-
mann,  1987; Weickmann et  al.,  1985) but slower than that of a convectively coupled Kelvin wave (15–
20 m s−1) (Straub & Kiladis, 2002; Wheeler & Kiladis, 1999). This is also faster than the “fast” modes of the 
ISO (5.5 m s−1) (Wang et al., 2019), perhaps suggesting an amalgam of ISO and convectively coupled Kelvin 
wave modes in the composite stress (Roundy, 2020).

Intraseasonal OLR anomalies are likewise synchronized with ER waves (Figure 5). While statistically sig-
nificant OLR anomalies are present across the entire equatorial Indian Ocean, the OLR minimum repre-
sentative of enhanced convection occurs immediately after passing over the anomalous SSH maximum 
near phase 4 at 76°E. In other words, enhanced atmospheric convection intensifies after propagating over 
the maximum amplitude of the downwelling ER wave, perhaps indicating a positive ocean-atmosphere 
feedback. This relationship holds even when composites are partitioned by season (figure not shown). This 
proposed feedback is systematically investigated using budgets of the OHC tendency in Section 4.1. The 
composite of intraseasonal OLR anomalies indicates a phase speed of 4.7 m s−1, broadly consistent with 
the eastward propagation speed of the ISO. Composites of intraseasonal OLR and pseudostress anomalies 
weaken as they approach the Maritime Continent, and only the stress anomalies appreciably re-strengthen 
in the west Pacific Ocean (not shown).

To note, statistically significant OLR anomalies are present in the western equatorial Indian Ocean, prior to 
the arrival of downwelling ER waves there. This indicates that while the downwelling ER waves identified 
in this analysis might assist the rapid strengthening of the ISO, they are not typically responsible for its initi-
ation. This does not rule out the possibility of ISO convective initiation by downwelling ER waves as shown 
in previous work (Rydbeck & Jensen, 2017; Rydbeck, Jensen, & Flatau, 2019; Rydbeck, Jensen, & Igel, 2019; 
Webber et al., 2010; Webber, Matthews, et al., 2012; Webber, Stevens, et al., 2012; West et al., 2018, 2020), but 
suggests that this behavior is atypical as indicated by compositing over many ER wave events. It should be 
noted that ER waves discussed here are just one factor amongst many that have shown to vary the intensity 
of the ISO. Others include, but are not limited to, the horizontal distribution of atmospheric moisture (e.g., 
Adames & Wallace, 2015; Hsu & Li, 2012), wind-induced surface heat exchanges (e.g., Emanuel, 1987; Nee-
lin et al., 1987), atmospheric frictional convergence (e.g., Lau & Peng, 1987), atmospheric radiative heating 
(e.g., Del Genio & Chen, 2015; Raymond, 2001), and diurnal variability (e.g., Ruppert & Johnson, 2015).

Rydbeck, Jensen, Smith, et al. (2019) hypothesized that OHC anomalies favorably align with intraseasonal 
convection due to the serendipitous phasing of ER waves forced by successive ISO events. Positive intrasea-
sonal OHC anomalies are hypothesized to mitigate the SST cooling that routinely occurs during convective-
ly active ISO periods. Without the enhanced OHC, SST cooling would be stronger, reducing surface latent 
and sensible heat fluxes and, as a result, the intensity of ISO convection. We provide support in subsequent 
sections that the systematic phase alignment of the ISO and OHC is, in fact, due to the generation of and 
maintenance of first baroclinic mode ER waves forced by ISO events. For our purposes, OHC is defined as 
the integrated temperature excess above 26°C (299.15 K), commonly referred to as tropical cyclone heat 
potential, and is computed from HYCOM reanalysis data using the following formula,

  


  Surface
Z26 COHC 299.15 Kpc T z dz� (3)
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where E  is the density of seawater (1,027 kg m−3), pE c  is the specific heat of seawater at constant pressure 
(3,986 J kg−1 K−1), T(z) is the temperature in Kelvin as a function of depth, and 26 CE Z  is the depth of the 26°C 
isotherm. OHC units are shown in kJ cm−2.

Intraseasonal OHC anomalies coherently propagate westward and are phase aligned with SSH anomalies 
that define the ER wave, indicating that SSH anomalies are a good proxy for intraseasonal ER OHC vari-
ability (Figure 6). Maxima and minima of OHC anomalies are ±15% of the mean OHC magnitude, with 
statistically significant anomalies present across most of the basin along the ER wave path. The anomalous 
OHC maximum occurs near 76°E during phase 4 while the minimum is located at 82°E during phase 8. The 
maximum of OHC occurs in a similar region and 1 phase earlier than the rapid decrease of OLR (increase of 
convection) shown in Figure 5. The anomalous increase of OHC prior to the enhancement of intraseasonal 
convection agrees with the study of Rydbeck, Jensen, Smith, et al. (2019). In that study, they discovered an 
increase of OHC along the equator prior to and during the intensification of ISO convection in the central 
Indian Ocean using an ISO index based on OLR anomalies (Kiladis et al., 2014). Regardless of whether the 
intraseasonal index used for compositing is based on leading modes of atmospheric convection as in Ryd-
beck, Jensen, Smith, et al. (2019) or SSH as in the present study, similar phase alignments between OLR and 
OHC anomalies are observed and suggestive of large scale, intraseasonal atmosphere-ocean reciprocation.

The evolution of SST anomalies (Figure 7) exhibits important differences from the OHC anomalies. Signif-
icant anomalies do not extend west of 75°E and do not coherently propagate with SSH anomalies across 

Figure 5.  Composite of 30–150-day band-pass-filtered Archiving, Validation, and Interpretation of Satellite Oceanographic sea surface height (SSH) (contours, 
cm) and National Oceanic and Atmospheric Administration Climate Data Record outgoing longwave radiation (OLR) (shading, W m−2) anomalies based on 
the equatorial Rossby wave index are shown for phases 1–8. SSH anomalies are averaged from 2° to 6°S and 2° to 6°N. Solid (negative) contours are positive 
(dashed). The contour interval is 0.5 cm and omits the zero contour line. OLR anomalies are averaged from 10°S to 10°N. Climatological OLR averaged from 
10°S to 10°N is shown in the bottom panel. White stippling indicates OLR values significantly different from zero at the 99% confidence threshold. The black 
line indicates a phase speed of 4.7 m s−1.
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the entire basin like OHC anomalies. The anomalous SST maximum and minimum of ±0.15°C occur near 
81°E. Positive SST anomalies occur during periods of downwelling waves while negative SST anomalies 
generally occur during upwelling waves. The maxima and minima of SST anomalies occur in advance of 
atmospheric OLR anomalies (see Figure 5), and previous studies have shown that atmospheric heat flux 
forcing associated with anomalous convection strongly modulates SST (DeMott et al., 2015 and references 
therein). The locations of the SST maxima/minima are broadly consistent with those of OHC anomalies. 
The quasi-stationary character of the SST anomalies perhaps results from competing eastward and west-
ward propagation mechanisms, like horizontal advection (i.e., westward) and surface flux forcing (i.e., east-
ward). Future work will focus on the dependencies of SST anomalies on intraseasonal variations of OHC 
and the degree to which OHC retards the rate of cooling during convectively enhanced phases of the ISO.

Composite maps also show important latitudinal variations of intraseasonal SST anomalies (Figure 8). Max-
ima and minima tend to occur at similar latitudes as the ER waves and are somewhat phase aligned with the 
SSH anomalies. During phases 3 and 7, broad warming and cooling is present across the equatorial Indian 
Ocean in association with the respective downwelling and upwelling ER wave phases. While much of this 
behavior might be associated with the alternating convective phases of the ISO that are synchronous with 
the ER waves, it is notable that the maxima and minima are generally located within the SSH envelope of 
the ER waves. When the downwelling wave is weakened in the northern hemisphere during phase 5, the 
magnitude of warming there also weakens. This behavior might be expected if the magnitude of down-
welling is proportional to the degree of surface warming, for example, by the suppression of vertical mixing. 

Figure 6.  Composite of 30–150-day band-pass-filtered Archiving, Validation, and Interpretation of Satellite Oceanographic sea surface height (SSH) (contours, 
cm) and HYCOM ocean heat content (shading, kJ cm−2) anomalies based on the equatorial Rossby wave index are shown for phases 1–8. Data from 1994 to 
2015 are shown. SSH and ocean heat content anomalies are averaged from 2° to 6°S and 2° to 6°N. Solid (negative) contours are positive (dashed). The contour 
interval is 0.5 cm and omits the zero contour line. Climatological ocean heat content averaged from 2° to 6°S and 2° to 6°N is shown in the bottom panel. White 
stippling indicates ocean heat content values significantly different from zero at the 99% confidence threshold.
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More work is required to understand the modulating effect of ER waves on SST in the presence of strong 
atmospheric forcing. We reserve in-depth investigations of SST variability for future work and instead focus 
on intraseasonal OHC anomalies.

4.  ER Wave Tendencies
Specific mechanisms responsible for the harmonization of ER waves and the ISO are not fully known. In 
an attempt to disentangle the interplay between intraseasonal modes in the atmosphere and ocean, terms 
of the OHC and zonal momentum budgets are composited as a function of ER wave phase. The respective 
budgets are presented in this section.

4.1.  OHC Tendency

The evolution of temperature as a function of depth, longitude, and ER wave phase is shown in Figure 9. 
In the eastern equatorial Indian Ocean, warm anomalies rapidly develop along the thermocline in phase 7 
with a maximum of 0.75°C. These anomalies extend westward and intensify with the maximum exceeding 
1.2°C during phase 8. The anomalies propagate westward and gradually weaken from 0.9°C to 0.45°C from 
phase 1 to 3. The anomalies re-intensify to 0.75°C in the central Indian Ocean near 74°E during phases 4 
and 5, and then weaken again as they continue propagating westward. By phase 7, the warm anomalies 

Figure 7.  Composite of 30–150-day band-pass-filtered Archiving, Validation, and Interpretation of Satellite Oceanographic sea surface height (SSH) (contours, 
cm) and National Oceanic and Atmospheric Administration sea surface temperature (SST) (shading, °C) anomalies based on the equatorial Rossby wave index 
are shown for phases 1–8. SSH and SST anomalies are averaged from 2° to 6°S and 2° to 6°N. Solid (negative) contours are positive (dashed). The contour 
interval is 0.5 cm and omits the zero contour line. Climatological SST averaged from 2° to 6°S and 2° to 6°N is shown in the bottom panel. White stippling 
indicates SST values significantly different from zero at the 99% confidence threshold.
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become less coherent in the western Indian Ocean and are absent by phase 8. The intensification in the 
eastern Indian Ocean at phase 7 and the reamplification of anomalies in the central Indian Ocean are the 
focus of the OHC budget analyses shown next. In particular, we are interested in determining the quantita-
tive contribution of atmospheric processes versus ocean dynamics to the intraseasonal variations of OHC.

Figure 8.  Composite maps of the 30–150-day band-pass-filtered Archiving, Validation, and Interpretation of Satellite Oceanographic sea surface height (SSH) 
(contours, cm) and National Oceanic and Atmospheric Administration sea surface temperature (SST) (shading, °C) anomalies based on the equatorial Rossby 
(ER) wave index are shown for phases 1–8. Solid (negative) contours are positive (dashed). The contour interval is 1 cm and omits the zero contour line. The 
number of days in each phase composite is shown in the upper left.
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Figure 9.  Composite of unfiltered HYCOM temperature (shading, °C) and 30–150-day band-pass-filtered temperature anomalies (contours, °C) based on 
the equatorial Rossby wave index are shown for phases 1–8. Data from 1994 to 2015 are shown. Temperatures are averaged from 6°S to 6°N. Solid (negative) 
contours are positive (dashed). The contour interval is 0.15°C and omits the zero contour line. The number of days in each phase composite is shown in the 
bottom left. The thin black line indicates the 26°C isotherm.
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OHC is a measure of the ocean's internal energy. Under conditions of strong air-sea interactions, OHC 
quantifies the ocean's thermodynamic resistance to temperature changes resulting from fluxes across the 
upper and lower boundaries of the integrating layer. The OHC tendency and forcing terms are calculated 
using the following formula,
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In this formula, T is the ocean temperature, Z26°C is the depth of the 26°C isotherm, UH is the horizontal 
ocean velocity, HE A  is the horizontal eddy diffusivity (1.5 × 10−3 m2 s−1), VE A  is the vertical eddy diffusivity 
(1.0 × 10−5 m2 s−1), LH is the latent heat flux, SH is the sensible heat flux, LW is the longwave radiative 
flux, and SW is the shortwave radiative flux. The shortwave radiative flux evaluated at the 26°C isotherm 
depth is the flux that penetrates the base of OHC integrating layer and is calculated using the method of 
(Pacanowski & Griffies, 2000). Primed terms indicate intraseasonal anomalies. Term 1 is the temporal ten-
dency of intraseasonal OHC anomalies, term 2 is the horizontal advection of OHC anomalies, term 3 is the 
horizontal eddy diffusion of OHC anomalies, term 4 is the vertical advection of OHC anomalies, term 5 is 
the vertical entrainment of OHC anomalies due to changes in the depth of the 26°C isotherm, and term 6 is 
the vertical eddy diffusion of OHC anomalies across the base of the integrating layer. Terms 7, 8, 9, and 10 
are the tendencies resulting from surface latent heating, surface sensible heating, surface longwave radia-
tive flux, and the net shortwave radiative flux, respectively. Because the calculation of vertical velocities by 
use of the continuity equation, and by extension the vertical advection, is intractable using HYCOM reanal-
ysis data that has been interpolated from the native model vertical grids to z-levels, the vertical advection is 
calculated as the budget residual.

Terms of the OHC tendency equation are shown in Figure 10. The phase of each tendency term in relation 
to the anomalous OHC shown in the black contours is of great importance. If the tendency term and OHC 
are in phase, it indicates that the term is increasing the magnitude of the OHC anomalies. If they are out 
of phase, the term is decreasing the OHC. If the terms lead the OHC anomalies by 2 phases (1/4 of the ER 
wave lifecycle), it results in a propagation of the anomalies toward the location of the tendency term. The 
tendency term can also be a combination of these effects such that it modulates the amplitude while also 
propagating the anomalies. This framework for viewing the budget terms in which they are referenced as 
in/out of phase or leading/lagging the anomalies is also used when investigating the zonal momentum 
tendency (Section 4b). Horizontal and vertical diffusion are minor contributors to the budget and included 
in the horizontal and vertical advection terms, respectively. Terms are averaged from 2° to 6°S and 2° to 6°N 
and shown as a function of the ER wave phase with black dots indicating the approximate longitude of the 
downwelling ER wave center.

The intraseasonal OHC tendency in the equatorial Indian Ocean during ER waves is a coordinated arrange-
ment of atmospheric forcing propagating eastward and ocean forcing propagating westward. As the wave 
propagates from the eastern to western Indian Ocean, a positive OHC tendency coherently propagates in 
advance of the downwelling wave (Figure 10a). The wave is immediately followed by local maxima of OHC 
(solid line contours). The anomalous OHC maximum of 9 kJ cm−2 is located in the central Indian Ocean at 
77°E, while the maximum OHC tendency of 45 W m−2 is located near 87°E. While this might seem perplex-
ing at first, the maximum OHC is an integration of the anomalous OHC tendency, depending on both the 
amplitude and duration of the positive OHC tendency. The latter is important in determining the maximum 



Journal of Geophysical Research: Oceans

RYDBECK ET AL.

10.1029/2021JC017546

16 of 26

at 77°E. The OHC tendency generally weakens in the western Indian Ocean and becomes quasi-stationary. 
As we will show, the varying behavior of the OHC tendency between the eastern and western Indian Ocean 
is a result of counter propagating forcings in the atmosphere and ocean.

The westward propagation of ER waves is accompanied by anomalous meridional advection of OHC (Fig-
ure 10c) that is stronger and more coherent than zonal advection (Figure 10b). Positive meridional advec-
tion of OHC leads OHC anomalies by ∼2 phases (22 days) in most of the Indian Ocean, indicating its pri-
mary role in propagating OHC anomalies westward. In certain regions, meridional advection is responsible 
for up to half (20 W m−2) of the OHC tendency. While zonal currents have a strong signal along the equator 

Figure 10.  Composite of 30–150-day bandpass-filtered HYCOM ocean heat content anomaly tendency terms (shading, 
W m−2) and 30–150-day band-pass-filtered ocean heat content anomalies (contours, kJ cm−2) based on the equatorial 
Rossby wave index are shown for phases 1–8. Data from 1994 to 2015 are shown. The anomalous ocean heat content (a) 
tendency, (b) zonal advection, (c) meridional advection, (d) vertical advection, (e) net surface flux, and (f) entrainment 
are included. Values are averaged from 2° to 6°S and 2°S to 6°N. Positive (negative) contours are solid (negative) with 
an interval 1.5 kJ cm−2, omitting the zero contour. Black dots indicate approximate location of downwelling equatorial 
Rossby wave center.
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for ER waves, OHC anomalies are generally located off the equator such that the role of zonal advection is 
muted. The coherent westward propagation of meridional advection with the OHC anomalies highlights 
the important roles of ocean dynamics associated with ER waves in controlling their propagation.

Vertical advection generally increases anomalous positive OHC in the central Indian Ocean. In the central 
Indian Ocean, vertical advection is positive and in phase with positive OHC anomalies during phases 2–6 
and 75°E–85°E, indicating its role in amplifying OHC there. The propagation of positive vertical advection 
tendencies with the downwelling ER wave in much of the eastern and central Indian Ocean suggest that it 
is intrinsic to the wave, in agreement with the findings of Effy et al. (2020). Vertical advection is also positive 
and collocated with negative OHC anomalies in the central and western Indian Ocean during phases 6–8 
and phase 1 (Figure 10d), such that it reduces the magnitude of negative OHC anomalies. The local maxima 
of vertical advection that is coincident with the maximum of OHC in the central Indian Ocean near 77°E 
is the leading positive “in phase” tendency term for this location, indicating that vertical advection is the 
primary contributor to the increase of positive OHC anomalies there. This is important because of the rela-
tionship between OHC and atmospheric convection there shown in Figure 5. Atmospheric deep convection 
is enhanced 1 phase (∼11 days) after the OHC maximum at the same longitude. From the analysis of verti-
cal and meridional advection, we hypothesize that ocean dynamics associated with downwelling ER waves, 
which are shown to increase OHC, contributes to the maintenance and intensification of ISO convection in 
the central Indian Ocean.

Surface flux forcing displays prominent eastward propagation (Figure  10e), in contrast to the westward 
propagation of meridional and vertical advection (Figures 10c and 10d). Because the OHC anomalies are 
westward propagating and the surface flux anomalies are eastward propagating, the phase relationship be-
tween the two varies across the equatorial Indian Ocean. In the eastern Indian Ocean, OHC and surface flux 
anomalies are largely in phase, indicating that surface flux forcing increases the amplitude of OHC anoma-
lies in this region. In the central Indian Ocean near 80°E, surface flux forcing is a maximum (15 W m−2) and 
leads OHC anomalies by 1/4 cycle, indicating that they propagate the OHC anomalies. While weaker in the 
western Indian Ocean, the surface flux anomalies are largely out of phase with the OHC anomalies, such 
that they contribute to the overall decrease of OHC amplitude there. In summary, surface fluxes intensify 
OHC anomalies in the eastern Indian Ocean, propagate the anomalies in the central Indian Ocean, and 
decrease the magnitude of OHC anomalies in the western Indian Ocean.

The tendency due to vertical entrainment is modest (±0–5 Wm−2) and quasi-stationary in the central and 
western Indian Ocean where the term is most coherent. Entrainment is predominantly out of phase with 
the net surface heat flux, suggesting that atmospheric forcing is the leading contributor to variations of the 
26°C isotherm depth that force entrainment/detrainment across the OHC integration layer. In general, en-
trainment strengthens the magnitude of negative OHC anomalies in the central and western Indian Ocean, 
acting in opposition to vertical advection.

To quantify the importance of net surface fluxes versus ocean dynamics (sum of horizontal advection, 
vertical advection, and entrainment) terms in the OHC tendency, the tracer balance metric of Halkides 
et al. (2015) is applied. This metric quantifies the dominant OHC forcing mechanism. This balance metric 
reveals that ocean dynamics are most important for the westward propagating positive OHC tendency that 
accompanies the downwelling ER wave and for the quasi-stationary positive OHC tendency in the central 
and western Indian Ocean (figure not shown). This metric further indicates the predominant role for ocean 
dynamics in determining intraseasonal OHC variations in the equatorial Indian Ocean during ER wave 
events.

4.2.  Zonal Momentum Tendency

The OHC budget described in the previous section demonstrates the role of ocean dynamics associated with 
downwelling ER waves for increasing the OHC such that it assists the maintenance and intensification of 
ISO deep convection. The ocean zonal momentum budget shows the forcing of ER waves by ISO winds, 
completing the intraseasonal atmosphere-ocean feedback loop. The processes modulating the kinetic ener-
gy of ER waves in the equatorial Indian Ocean fall into two broad categories: (a) direct wind forcing and (b) 
preexisting energy reflecting at basin boundaries. Previous linear modeling and observational studies have 
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Figure 11.  Composite of unfiltered zonal currents (shading, m s−1) and 30–150-day band-pass-filtered zonal current anomalies (contours, m s−1) based on 
the equatorial Rossby wave index are shown for phases 1–8. Data from 1994 to 2015 are shown. Zonal currents are averaged from 2°S to 2°N. Solid (negative) 
contours are positive (dashed). The contour interval is 0.05 m s−1 and omits the zero contour line. The number of days in each phase composite is shown in the 
bottom left.
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shown that intraseasonal ER waves in the Indian Ocean result from a combination of these mechanisms 
where ER zonal accelerations in the ocean are generated directly by ISO wind stress as well as the reflection 
of energy at the eastern boundary (see also Figure 4). We expand on this work by examining the longitudinal 
variations of the forcing in greater detail, compositing wave features over a longer time period than previous 
observational studies, and comparing characteristics of currents for upwelling versus downwelling waves.

Figure 11 shows the zonal current anomalies averaged along the equator. This is based on the structure of 
equatorially symmetric Rossby waves, which have maximum SSH variability off the equator and maximum 
zonal velocity variability on the equator. The zonal current anomalies first appear in the subsurface of the 
eastern Indian Ocean during phase 8, indicating that the initiating mechanism for ER waves is not direct 
wind forcing which would manifest near the surface, but rather subsurface generation of wave momentum. 
The anomalous westward zonal current magnitude increases at the surface by phase 1, revealing a double 
minimum. An anomalous surface current minimum of −0.25 m s−1 rapidly develops at phase 2 near 85°E. 
The anomalous upper ocean westward currents are collocated with a minimum of the total westward cur-
rent, indicating a strong relative contribution of intraseasonal currents to the total currents in the equatorial 
Indian Ocean, such that reversals of the intraseasonal current direction often coincide with a reversal of the 
total current direction. The anomalous zonal currents extend and propagate westward, with a maximum 
amplitude of 0.35 m s−1 in phases 3 and 4. The westward zonal current anomalies rapidly weaken to the 
west of 65°E, indicating that mechanisms of their maintenance are generally restricted to the eastern and 
central Indian Ocean. A similar pattern is observed for eastward currents; however, they weaken consid-
erably to the west of 75°E. This demonstrates that westward currents propagate farther and with greater 
intensity than their eastward counterparts, similar to positive SSH anomalies (see Figure 3).

To illuminate the processes responsible for the development and maintenance of ER wave zonal currents 
along the equator, the zonal momentum budget is investigated using a combination of HYCOM ocean and 
ERA5 atmosphere reanalyses. The terms of the mixed layer average zonal momentum budget are calculated 
using the following equation:
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where MLE U  is the horizontal ocean current averaged over the mixed layer, MLD is the mixed layer depth, 
airE u  is the zonal wind, dE C  is the wind-drag coefficient (0.0012), airE  is the air density (1.2 kg m−3), oceanE  is the 

ocean density (1,027 kg m−3), and p is the ocean pressure. Term 1 is the acceleration of intraseasonal zonal 
current anomalies, term 2 is the horizontal advection of the zonal current anomalies, term 3 is the pressure 
gradient, term 4 is the anomalous wind stress, term 5 is the anomalous zonal shear stress at the base of the 
mixed layer, and term 6 is horizontal mixing. The pressure gradient acceleration is calculated as the residual 
of all other terms. The budget is evaluated from 2°S to 2°N, where contributions from Coriolis accelerations 
are small.

The negative zonal momentum tendency (i.e., westward acceleration) has two main features: (a) a local 
minimum that propagates from the eastern to western Indian Ocean and (b) a quasi-stationary local mini-
mum across the Indian Ocean during phase 8 (Figure 12a). The zonal momentum tendency is a minimum 
(−0.3 m s−1 week−1) where these two features overlap in the eastern Indian Ocean near 84°E during phase 
1. Horizontal advection weakens westward currents in the eastern and parts of the central Indian Ocean 
at rates up to +0.1 m s−1 week−1 (Figure 12b). The phase alignment of horizontal advection and westward 
currents shifts to the west of the Maldives (73°E), where horizontal advection modestly amplifies and prop-
agates current magnitudes. This phase shift is perhaps related to the excitation of short Rossby waves by 
strong equatorial currents at the Maldives (Nagura & Masumoto, 2015). The analysis of horizontal advec-
tion indicates that ocean dynamics assist the acceleration of anomalous westward currents along the equa-
tor in parts of the central and much of the western Indian Ocean.
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The zonal current tendency owing to the pressure gradient is shown in Figure 12c. This term is strong-
est in the eastern Indian Ocean and is largely responsible for the propagation of westward currents to 
the west with a minimum of −0.23 m s−1 week−1 at phase 8 and 87°E. Over most of the eastern Indian 
Ocean, the pressure gradient minimum is predominantly located ∼2 phases (1/4 cycle) ahead of the 
anomalous current minima indicating a primary role in propagating the currents westward. Interesting-
ly it only weakly contributes to the generation of currents in the far eastern Indian Ocean. The excep-
tion to this pattern is near and just to the west of the Maldives where the pressure gradient opposes the  

Figure 12.  Composite of 30–150-day bandpass-filtered zonal current anomaly tendency terms (shading, m s−1) and 
30–150-day band-pass-filtered zonal current anomalies (contours, m s−1) based on the equatorial Rossby wave index 
are shown for phases 1–8. Data from 1994 to 2015 are shown. The anomalous zonal current (a) tendency, (b) horizontal 
advection, (c) pressure gradient, (d) wind stress, and (e) shear stress and horizontal mixing are included. Zonal currents 
are averaged from 2°S to 2°N. Solid (dashed) contours are westward (eastward) currents. The contour interval is 
0.1 m s−1 and omits the zero contour line. Black dots indicate approximate location of downwelling equatorial Rossby 
wave center.
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tendency by horizontal advection (see Figure 12b) and the terms largely cancel. In the western Indian 
Ocean, the pressure gradient term is much weaker but generally weakens currents and slows the west-
ward propagation.

The pressure gradient term is interpreted in the context of ISO wind stress that shifts ocean mass to the 
east, likely in the form of Kelvin waves (e.g., Pujiana & McPhaden, 2020). The pressure gradient forcing is 
a direct response to the eastward wind stress forcing, mass accumulation in the eastern Indian Ocean, and 
relative increase of high pressure along the coast of Sumatra. As a result, local eastward currents decelerate 
as westward currents accelerate. Although Kelvin waves are not expressly examined in this analysis of the 
momentum budget due to the narrow focus of the ER wave index utilized for formulating composites, they 
are critical to the initiation of ER waves in the eastern Indian Ocean as demonstrated in many previous 
studies of intraseasonal wind stress.

The acceleration of zonal current anomalies due to wind stress forcing is shown in Figure 12d. The wind 
stress displays a rapid propagation to the east, as might be expected given the previously shown relationship 
between ER waves and the ISO (see Figures 4 and 5). In the eastern Indian Ocean, wind stress forcing of 
−0.05 m s−1 week−1 is largely in phase with westward zonal current anomalies, resulting in their amplifica-
tion. In the central Indian Ocean, wind stress forcing of −0.15 m s−1 week−1 predominantly leads westward 
currents by 2 phases and, as a result, propagates westward currents to the west while also slightly strength-
ening them. In the western Indian Ocean, westward wind stress of −0.05 to −0.1 m s−1 week−1 continues to 
propagate the currents. This analysis shows that westward wind stress anomalies associated with the ISO 
generate, amplify, and propagate westward current anomalies across the equatorial Indian Ocean. Although 
the ER wave index is ill-posed to resolve eastward propagating Kelvin waves in the ocean, the generation of 
westward currents begins shortly after the terminus of the westerly wind stress in the Indian Ocean. Such 
westerly wind stress is known to drive ocean Kelvin waves that reflect as ER waves, and this reflection likely 
manifests as a reversal of the pressure gradient term discussed earlier.

The zonal shear stress at the base of the mixed layer as well as horizontal mixing combine to weaken zonal 
current anomalies regardless of the current direction (Figure 12e). The zonal shear stress is much stronger 
than the horizontal mixing. The shear stress increases as the westward zonal current increases with a maxi-
mum of 0.05 m s−1 week−1 at Phase 4 near 74°E, indicating that this sink of zonal momentum is proportion-
al to the zonal current magnitude within the mixed layer.

5.  Summary
Rydbeck, Jensen, Smith, et al. (2019) observed that intraseasonal OHC anomalies are maximized during pe-
riods of enhanced ISO convection in the central and western tropical Indian Ocean. They also observed that 
the majority of intraseasonal OHC variance is off-equatorial and westward propagating and hypothesized 
that westward propagating ER waves are responsible for the phase alignment of intraseasonal OHC and 
convection anomalies. The present study demonstrates the harmonization between intraseasonal modes in 
the atmosphere and ocean as well as the mechanisms of their synchronized symbiosis.

In order to identify the leading mode of westward propagating intraseasonal variability in the ocean and 
investigate its behavior, an index based on EOFs of AVISO SSH anomalies is developed. The EOF analysis 
reveals a mode with a zonal wavelength, phase speed, and frequency that agrees with the first baroclinic 
mode ER wave. The first two EOFs describe 41% of the westward propagating intraseasonal variance in the 
equatorial Indian Ocean. Composites of ocean and atmospheric variables based on the ER wave index show 
that waves are most intense in the eastern and central Indian Ocean and weaken in the western Indian 
Ocean.

The generation of downwelling ER waves in the eastern Indian Ocean is preceded by significant atmospher-
ic intraseasonal variability characterized by strong westerly wind stress and enhanced convection known to 
generate downwelling Kelvin waves in the ocean. This atmospheric forcing is consistent with the behavior 
of the ISO and generates a reversal of the anomalous upper ocean pressure gradient in the eastern Indian 
Ocean. As the prevailing wind direction switches to westward in association with the suppressed convective 
phase of the ISO, ER wave currents are accelerated in the eastern Indian Ocean by the westward wind stress 
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Figure 13.
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and propagated westward by the pressure gradient forcing. The zonal currents maximize in the central In-
dian Ocean where the easterly wind stress acceleration ends.

ER waves generated by the wind stress significantly modulate the ocean environment through which 
they propagate. Positive OHC anomalies are in phase with downwelling waves, and the maximum 
OHC occurs in the central Indian Ocean 1 phase (∼11  days) prior to the maximum of atmospheric 
convection anomalies at the same longitude. This suggests a positive ocean-atmosphere feedback. The 
intraseasonal budget of OHC reveals that these positive OHC anomalies develop in response to ocean 
dynamical forcing, particularly vertical and meridional advection, with a secondary role by atmospher-
ic flux forcing. Thus, OHC anomalies are not simply a consequence of contemporaneous atmospheric 
forcing, but have leading contributions from ocean planetary wave dynamics that lag the initial ISO 
forcing by ∼45 days.

Correctly representing the interactions between the ISO and oceanic planetary waves has important im-
plications for accurate subseasonal predictions (e.g., Gadgil et  al.,  2019). Coupled models that poorly 
represent the ISO and related intraseasonal wind stress variations in the tropical Indian Ocean are also 
likely to underestimate the amplitude of first baroclinic mode ER waves and related intraseasonal OHC 
variability. Such models are also likely to underrepresent the oceanic intraseasonal pathway whereby suc-
cessive eastward propagating ISO events are able to communicate in the form of westward propagating 
oceanic ER waves.

A summary of the synchronized behavior responsible for the coevolution of ER waves and the ISO 
is shown in Figure 13 (see also Figure 9 of Webber, Matthews, et al., 2012). In Figure 13a, westerly 
surface wind stress anomalies generated by the ISO accumulate mass in the eastern Indian Ocean 
generating a westward oriented pressure gradient. This is quickly followed by periods of easterly wind 
stress anomalies. In response to these two forcing mechanisms, first baroclinic mode downwelling ER 
waves develop and subsequently propagate westward (Figures 13b and 13c). The waves are amplified 
by westward wind stress anomalies positioned ahead of the next enhanced convective phase of the ISO 
(Figure 13c). The downwelling ER waves depress the isotherms and increases the OHC in the central 
Indian Ocean. When the westward propagating ER waves and the eastward propagating ISO cross 
paths, ISO convection intensifies in association with the positive OHC anomalies (Figure 13d). In this 
framework, ER waves are generated and subsequently strengthened by oppositely signed ISO wind 
stress forcing. They are hypothesized to positively feedback onto the ISO by enhancing atmospheric 
convection and strengthening the diabatically forced atmospheric wind response from which the waves 
are generated and amplified.

Similarly synchronous patterns between intraseasonal convection and OHC are observed when composite 
averaging is based on an atmospheric index of ISO variability (Rydbeck, Jensen, Smith, et al., 2019), indicat-
ing that the positive feedback loop between ER waves and the ISO is not particularly sensitive to the choice 
of intraseasonal “lens” through which it is viewed. The primary harmonization mechanisms between these 
atmosphere and ocean intraseasonal modes are wind stress and OHC. The manner in which OHC anom-
alies modulate the SST, surface latent and sensible heat fluxes, and, ultimately, atmospheric convection is 
very much an open research question. We speculate that the anomalous increase of OHC during the en-
hanced convective phase of the ISO retards the rate of sea surface cooling generated by atmospheric heat 
flux forcing and mixing. The net effect of OHC variations on SST during ISO events is the subject of future 
fully coupled modeling work.

Figure 13.  Schematic showing the temporal evolution of equatorial Rossby (ER) waves and intraseasonal oscillation convection in the tropical Indian Ocean. 
Panel (a) shows the generation of the equatorial Kelvin wave associated with anomalous westerly winds at and behind the convective envelope. Panel (b) shows 
the reflection of the Kelvin wave into ER waves. Panel (c) shows the westward propagation of the ER waves and development of easterly wind stress in advance 
of the intraseasonal oscillation convection. Panel (d) shows the resulting strengthening of ER waves and the intensification of intraseasonal convection over the 
region of increased OHC. The vertical cross section shows the temperature anomalies at 4°S.
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Data Availability Statement
Data analyzed in this study are a reanalysis of existing and publicly available data. AVISO SSH data (Pascual 
et al., 2006) and ERA5 winds (Hersbach et al., 2020) are available at https://marine.copernicus.eu/. NOAA 
SST data (Reynolds et al., 2007) are available at https://psl.noaa.gov/. NOAA OLR (Lee, 2011) data are avail-
able at https://www.ncdc.noaa.gov/. OSCAR surface current data (Bonjean & Lagerloef, 2002; ESR, 2009) 
are available at https://podaac.jpl.nasa.gov/. HYCOM reanalysis data (Metzger et al., 2017) are available at 
https://www.hycom.org/. Surface forcing field data from the NCEP CFSR (Saha et al., 2010) are available at 
https://www.ncdc.noaa.gov/.
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