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Abstract Intraseasonal sea surface temperature anomalies generally cool during the convectively active
phase of the intraseasonal oscillation in the Indian Ocean, but the behavior of intraseasonal ocean heat
content anomalies is quite different. This is demonstrated using satellite observations and ocean reanalysis
data. Ocean heat content anomalies increase during the convectively active phase of the intraseasonal
oscillation and decrease during the convectively suppressed phase. Much of the intraseasonal variability of
ocean heat content is westward propagating, moving in the opposite direction of the intraseasonal
oscillation's convective envelope. While sea surface temperature anomalies are strongly regulated by
variations in surface fluxes, their out of phase relationship with ocean heat content suggests that different
processes are modulating the reservoir of warm water in the upper ocean. We hypothesize that oceanic
equatorial waves are the primary forcing of intraseasonal ocean heat content anomalies during intraseasonal
oscillation events.

Plain Language Summary The intraseasonal oscillation organizes rainfall in the tropics and
often initiates over the Indian Ocean. It is associated with strong surface winds and widespread
cloudiness, which decreases incoming solar radiation, resulting in a cooling of the sea surface. We observe
that while the sea surface cools, the reservoir of warm water in the upper Indian Ocean actually increases.
This seeming contradiction between the behavior of the sea surface temperature and the ocean heat
content is explained by oceanic equatorial wave dynamics. Much of the ocean heat content variability moves
westward along lines of latitude that are just poleward of the equator, consistent with the location, timing,
and direction of equatorial Rossby wave propagation. By increasing the ocean heat content, these waves
are hypothesized to reduce the amount of sea surface cooling produced by the intraseasonal oscillation.

1. Introduction

The intraseasonal oscillation (ISO) is characterized by strong air‐sea interactions (DeMott et al., 2015, and
references therein). Convectively active periods of the ISO manifest as vigorous surface zonal winds, deep
atmospheric convection, and heavy precipitation with a horizontal expanse that covers most of the tropical
Indian Ocean (Madden & Julian, 1971, 1972; Madden & Julian, 1994). During these periods, incoming solar
radiation decreases, surface latent and sensible heat fluxes out of the ocean increase, and ocean mixing
intensifies, resulting in a cooling of the ocean mixed layer and sea surface (Hendon et al., 1998; Moum
et al., 2014; Shinoda et al., 1998). For the purpose of this investigation, we are interested in the upper ocean
heat content (OHC), which characterizes the capacity of the ocean to mitigate the mixed layer cooling pro-
duced by the ISO.

During extended periods of intense atmospheric convection and strong winds in the tropics, OHC quantifies
the warmwater volume capable of supporting continued deep convection. OHC is commonly used to predict
the behavior of tropical cyclones. Negative ocean feedbacks produced by tropical cyclones are sometimes
thwarted in regions of high OHC, resulting in sustained or increased tropical cyclone strength (e.g.,
Halliwell et al., 2015; Shay et al., 2000; Shay & Brewster, 2010; Trenberth et al., 2018). Although surface
winds are generally weaker during the ISO compared to tropical cyclones, they can endure for weeks
(McPhaden, 1992; Zhang, 2005; Zhang & McPhaden, 2000), making the temporally integrated forcing com-
parable between the two phenomena. For example, at a fixed location, the wind stress forcing for 39 m/s
winds that persist for 1 day is equivalent to 10 m/s winds that persist for 15 days. We propose that OHC is
a useful metric for quantifying the oceanic resistance to cooling produced by turbulent mixing and surface
heat fluxes.
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Key Points:
• Over much of the Indian Ocean,

ocean heat content increases as the
intraseasonal oscillation amplifies

• The majority of intraseasonal ocean
heat content variability is off
equatorial (2°‐10° latitude) and
westward propagating

• Intraseasonal ocean heat content
variations cannot be fully resolved
by slab ocean models due to the
effects of equatorial wave dynamics
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The importance of OHC in the context of the ISO is emphasized in a recent study. Moum et al. (2016)
hypothesized that the ISO can reduce the intensity of a subsequent ISO event by expending the OHC. In this
scenario, the ocean governs the intensity of serial ISO events. Using in situ data from the DYNAMO
experiment, it was observed that vertical mixing associated with shear instabilities at the base of the
Yoshida‐Wyrtki jet along the equator (Wyrtki, 1973; Yoshida, 1959) generated cooling that exceeded cooling
from surface fluxes by 25%. The subsurface cooling forced by ocean dynamics persisted for an additional
week after the wind forcing stopped, reflecting the ocean's ability to integrate and prolong atmospheric for-
cing. These results emphasize the important but often delayed impact of oceanic responses to ISO forcing.

While the study of Moum et al. (2016) investigated the negative feedback of OHC and the ISO along the
equator, we expand the analysis area and reveal a positive feedback in off‐equatorial regions whereby intra-
seasonal OHC increases during enhanced ISO convective phases. The behavior of OHC is opposite of the sea
surface temperature (SST), such that OHC increases (decreases) when SST cools (warms). The responsible
mechanism is, at present, not known, representing a gap in our understanding of intraseasonal air‐sea inter-
actions. This previously undocumented behavior is analyzed and a hypothesis is proposed. The relationship
between intraseasonal OHC and convection anomalies within the ISO is examined using a combination of
state‐of‐the‐art ocean model reanalysis and satellite observations. The data and methods are described in
section 2, results are shown in section 3, and conclusions are summarized in section 4.

2. Data and Methods

HYbrid Coordinate Ocean Model (HYCOM) reanalysis data from 1994 to 2015 is used to calculate the OHC.
HYCOM has proven to successfully reproduce oceanic signatures of the ISO (i.e., Han et al., 2007; Rydbeck
et al., 2017; Shinoda et al., 2008), and a summary of HYCOM reanalysis data is available in Rydbeck et al.
(2019). In short, HYCOMhas 41 vertical layers with a horizontal grid spacing of 0.08° (~9 km at the equator).
The top 14 layers are fixed in sigma‐z level space and confined to the upper 84 m. HYCOM surface forcing
fields come from the National Centers for Environmental Prediction Climate Forecast System Reanalysis
(Saha et al., 2010). The HYCOM reanalysis uses the Navy Coupled Data Assimilation system (NCODA;
Cummings, 2006). NCODA is a fully three‐dimensional, multivariate, variational ocean data assimilation
scheme that integrates remotely sensed fields including sea surface height (SSH) and SST as well as in situ
observations from platforms such as ships, buoys, expendable bathythermographs, CTDs, and Argo floats
among others.

OHC in the tropics is often defined as the temperature excess above 26 °C integrated from the 26 °C isotherm
to the surface (Leipper & Volgenau, 1972). This temperature threshold was originally selected because hur-
ricanes do not typically form in regions of SST below 26 °C (Byers, 1959; Palmen, 1948). It was also suggested
that because themean surface air temperature of the tropics is near 26 °C (Malkus, 1972), air‐sea interactions
supportive of convection are generally suppressed in regions of SST cooler than 26 °C. More recent research
has confirmed the 26 °C threshold for tropical convection (Bony et al., 1997; Lau et al., 1997; Zhang, 1993),
and we use this as the threshold for integration in the formula:

OHC ¼ ρcp∫
Surface

z26°C
T zð Þ−299:15 Kð Þ∂z

where ρ is the density of seawater (1,027 kg m−3), cp 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 Z26 ° C is the depth of the
26 °C isotherm. OHC units are shown in kJ cm−2.

SSTs from the National Oceanic and Atmospheric Administration daily optimum interpolation V2 (0.25°
grid spacing) that includes a combination of Advanced Very High Resolution Radiometer and Advanced
Microwave Scanning Radiometer‐Earth observing system are utilized (Reynolds et al., 2007). The National
Climatic Data Center outgoing longwave radiation (OLR) daily climate data record (1° grid spacing) is used
as a proxy for atmospheric convection (Lee, 2014).

For the purposes of this study, the ISO phase and amplitude are defined by the OLR Madden‐Julian
Oscillation Index (OMI) (Kiladis et al., 2014). Because we are interested in variations of OHC associated with
the austral summer Madden‐Julian Oscillation and boreal summer intraseasonal oscillation, the OMI
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represents the respective eastward and poleward propagating components of both intraseasonal modes with
much greater fidelity than alternative intraseasonal indices (Wang et al., 2018). OMI information from 1994
to 2015 is used to create all season composite maps. Days with an OMI amplitude greater than 1.5 standard
deviations are used for compositing. Intraseasonal anomalies of atmospheric and oceanic fields shown in
composites are calculated by removing the first three harmonics of the seasonal cycle and then bandpass
filtering with a Lanzcos filter to retain variability with 30–150 day periods.

3. Results

Intraseasonal composites of OHC, OLR, and SST anomalies are shown in Figure 1 as a function of ISO con-
vective phase in the Indian Ocean. During the enhanced convective phase (phases 1–4), OHC anomalies are
positive in the off‐equatorial western and central Indian Ocean (Figure 1a). Drawing on conventional wis-
dom, one might expect negative OHC anomalies to be present since the enhanced convective phase of the
MJO is associated with strong westerly wind stress anomalies, reduced incoming solar radiation, and
increased surface latent heat fluxes. The behavior of SST anomalies, which are cool along the equator, is con-
sistent with such surface forcing mechanisms and the Yoshida‐Wyrtki jet induced cooling described by
Moum et al. (2016) (Figure 1c). The OHC and SST anomalies are predominantly out‐of‐phase in the region
5°N–10°S, 55°–85°E. We will discuss a possible mechanism for this previously undocumented behavior later
in the section.

During periods when ISO convection in the Indian Ocean is suppressed (phases 5–8), OHC anomalies are
negative over much of the western and central Indian Ocean (Figure 1b). These periods are characterized
by enhanced incoming solar radiation, reduced wind stress anomalies, reduced latent heat fluxes, and a gen-
eral warming of the sea surface along the equator and coast of Sumatra (Figure 1d). An exception to the con-
tradictory behavior between OHC and SST occurs in the eastern Indian Ocean where anomalies are mostly
in‐phase; positive OHC anomalies occur during suppressed conditions and negative OHC anomalies occur
during enhanced conditions. For much of the Indian Ocean, OHC anomalies between the respective ISO
convective phases are significantly different at the 99% confidence threshold. We hypothesize that oceanic
equatorial waves are responsible for the largely out‐of‐phase relationship between OHC and SST

Figure 1. Composite of intraseasonal OLR anomalies during ISO enhanced (a, c) and suppressed (b, d) phases in the
Indian Ocean. Intraseasonal OHC anomalies (shading; kJ cm−2) are shown in (a) and (b). Intraseasonal SST anomalies
(shading; ×10−1 K) are shown in (c) and (d). Negative (positive) OLR anomalies are dashed (solid) with contour
interval every 2Wm−2. The number of days included in the respective phases are shown above (a) and (b). Black stippling
in (a) and (b) indicate regions where OHC anomalies are significantly different between the ISO suppressed and enhanced
phases at the 99% confidence threshold using a two‐tailed student's t test.

10.1029/2019GL084974Geophysical Research Letters

RYDBECK ET AL. 3



anomalies in regions of the western and central Indian Ocean and the in‐
phase relationship between the two in the eastern Indian Ocean.

Figure 2 shows the intraseasonal variance of OHC and the percentage of
intraseasonal variance that is westward propagating. The major centers
of intraseasonal OHC variability extend from the eastern to central
Indian Ocean along 5°N and 5°S. Variance in the northern band is
25–40% greater than that in the southern band between 75 and 95°E.
The variance in the northern band is partly related to the southwest mon-
soon current located near the southeastern coast of Sri Lanka (Hastenrath
& Greischar, 1991) and the northwestward tilt of the Sumatra coastline
that can focus ocean energy in the region. The region of 4–10°N, 50–55°
E is also characterized by high OHC variance but is limited by the clima-
tologically cool upper ocean in the far western Indian Ocean. Given the
eastward propagation of ISO winds, surface fluxes, and convection, it
might be expected that OHC anomalies should also propagate eastward.
However, as evidenced by the percentage of intraseasonal OHC variance
associated with the westward propagation of OHC anomalies in
Figure 2b, only a small area of OHC variance is dominated by eastward
propagating and stationary variability. Most off‐equatorial maxima of
intraseasonal OHC variance are characterized by westward propagation.
These are also well‐known regions of westward propagating equatorial
Rossby waves linked to the ISO (Jensen et al., 2015; Rydbeck et al.,
2017; Rydbeck & Jensen, 2017; Shinoda et al., 2013, 2017; Webber et al.,
2010; Webber et al., 2012; Webber et al., 2012; West et al., 2018). High per-
centages in the northern hemisphere of the western Indian Ocean are
likely related to variability that anticyclonically orbits the Great Whirl
(e.g., Melzer et al., 2019; Schott et al., 1990). The narrow region along
the equator between 2°S and 2°N across the Indian Ocean is typically
characterized by strong eastward propagating Yoshida‐Wyrtki jets and
oceanic Kelvin waves forced by ISOwind stress anomalies similar to intra-
seasonal variability observed in Moum et al. (2016).

The off‐equatorial response of OHC anomalies to the ISO in the western and central Indian Ocean suggests
that surface flux processes, to first order, are not responsible for the phase locking of intraseasonal convec-
tion and the off‐equatorial reservoir of upper ocean heat there. We hypothesize that alternative mechanisms
beyond simple atmospheric forcing are responsible for these patterns of intraseasonal OHC variability.
While previous studies have examined the intraseasonal patterns of SST and oceanmixed layer temperature,
OHC on these timescales has received little attention. We hypothesize that intraseasonal OHC variability
shown in Figures 1 and 2 corresponds to oceanic equatorial wave propagation wherein eastward propagating
waves along the equator and westward propagating waves poleward of the equator govern intraseasonal
OHC variability.

To investigate the evolving relationship between ISO convection and OHC anomalies, we examine compo-
site maps of them as a function of ISO phase (Figure 3). Negative OLR anomalies enter the western Indian
Ocean in Phase 1 and are associated with positive OHC anomalies located just poleward of the equator
across much of the Indian Ocean. A narrow band of negative OHC anomalies is located along the equator
and spans the entire basin. In Phase 2, enhanced convection covers most of the Indian Ocean and positive
OHC anomalies persist just poleward of the equator. The equatorial band of negative OHC anomalies has
largely relaxed except in the eastern basin near Sumatra where negative OHC anomalies extend poleward
along the coast. In Phase 3, positive OHC anomalies cover most of the central and western Indian Ocean
including along the equator, while negative OHC anomalies in the eastern Indian Ocean are separated into
local maxima centered along 4°S and 4°N. In Phase 4, positive OHC anomalies are located along the equator
and negative anomalies develop in the off‐equatorial regions. The local negative maxima in the eastern side
of the basin have propagated slightly westward. Enhanced convection weakens during this phase as convec-
tively suppressed conditions become dominant in Phase 5. The positive OHC anomalies have intensified

Figure 2. Intraseasonal OHC variance ((kJ cm−2)2) is shown in (a). The
percentage of intraseasonal OHC variance that is westward propagating is
shown in (b). The latter is calculated by filtering the intraseasonal OHC
anomalies for wave numbers less than or equal to −1 (i.e., westward pro-
pagating waves) and calculating the variance. The wave number filtered
variance is then used to calculate the percentage of total variance that is
westward propagating. The black line in (b) indicates the 50% contour. The
stationary/eastward propagating percentage is defined as 100% less the
westward propagating percentage.
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toward the eastern Indian Ocean in Phase 5, while negative OHC anomalies in the off‐equatorial region
continue to strengthen along 5°S and 5°N. In Phases 6 and 7, positive OHC anomalies along the equator
weaken but appear to reflect off the coast of Sumatra into local maxima with the strongest located at 4°N,
similar to the evolution of local OHC minima in Phase 4. Negative OHC anomalies weaken in off‐
equatorial regions while intensifying on the equator in Phase 8 at which time the whole cycle repeats. To
note, the weak OHC anomalies along the equator during enhanced and suppressed phases in Figure 1 are
a result of averaging large but oppositely signed anomalies in Phases 1–4 and 5–8.

The reflection of OHC anomalies on the eastern side of the basin is analogous to the reflection of Kelvin
waves into poleward propagating coastal Kelvin waves and westward propagating equatorial Rossby waves
(e.g., Rydbeck & Jensen, 2017; Webber et al., 2010; Webber, Matthews, et al., 2012; Webber, Stevens, et al.,
2012). Downwelling (upwelling) waves depress (shoal) isotherms, increasing (decreasing) the upper ocean
warm water volume. OHC anomalies are forced by changes to the layer temperature and/or layer thickness.
The patterns of 26 °C isotherm depth anomalies (not shown) match those of OHC suggesting important roles
for downwelling and upwelling oceanic waves that depress and shoal the 26 °C isotherm, modulating the
layer thickness. The phase speed of the first baroclinic mode oceanic Kelvin wave is ~2.7 m/s, and the equa-
torial Rossby wave phase speed is ~1/3 (0.9 m/s) of the Kelvin wave. The roughly 30 and 90 day periods of

Figure 3. ISO composite of intraseasonal OHC (shading: kJ cm−2) and OLR (contours; W m−2) anomalies. Negative
(positive) OLR anomalies are dashed (solid) with contour interval every 2 W m−2. The black thick line indicates
0 W m−2. The phase number and total number of days used in each phase composite are shown in the upper left of each
panel.
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these waves in the Indian Ocean likely explains the imperfect projection of their characteristics onto the 45
day periods of the ISO in the composite. This might cause the waves to appear jumpy or overly smoothed in
the phase composites, obscuring their true phase evolution. Nonetheless, Figure 3 suggests that Kelvin
waves along the equator transport OHC anomalies eastward while equatorial Rossby waves in the off‐
equatorial regions transport OHC westward. We hypothesize that the development of new Rossby waves
in the eastern Indian Ocean and the propagation of oppositely signed waves in the central and western
Indian Ocean explains the zonally out of phase OHC anomalies in Figure 1. The Rossby waves in the
central and western Indian Ocean favorably synchronize with ISO convection.

An additional factor that can mitigate mixed layer cooling produced by ISO induced ocean turbulent mixing
and surface heat fluxes relates to the vertical stratification of the upper ocean. When warm salty water is
overlaid by warm fresh water, barrier layers form and insulate the mixed layer from the relatively cool ocean
below (e.g., Drushka et al., 2014; Girishkumar et al., 2011; Sprintall & Tomczak, 1992). Barrier layer thick-
ness (BLT) is defined as the difference between the mixed layer depth (MLD) and the isothermal layer depth
(ILD) and is used as a proxy to quantify the degree of upper ocean stratification. Thick barrier layers repre-
sent increased stratification such that they resist mixing effects, while the reduction of BLT diminishes the
vertical stratification making the mixed layer more vulnerable to cooling by mixing. The MLD and ILD are
calculated using HYCOM reanalysis data with the fixed density criterion of 0.125 kg m−3 referenced from 10
m for the MLD and the corresponding temperature change of 0.35 K referenced from 10 m for the ILD.

Figure 4. Composites of intraseasonal ILD (a, b), MLD (c, d), and BLT (e, f) anomalies during ISO enhanced (a,c,d) and
suppressed (b, d, and f) phases are shown using the shaded contours. The respective mean ILD, MLD, and BLT (m) are
shown using line contours with a 2 m contour interval. The number of days included in the composites are shown above
(a) and (b). Black stippling in (e) and (f) indicate regions where the enhanced and suppressed ISO BLT anomalies are
significantly different at the 99% confidence threshold using a two‐tailed student's t test.
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The anomalous (shading) and average (contours) ILD, MLD, and BLT fields are shown in Figure 4 during
enhanced and suppressed ISO phases. We are interested in determining if oceanic equatorial waves that fea-
ture prominently in intraseasonal OHC variability also manifest in ocean stratification variability as indi-
cated by intraseasonal BLT anomalies. In the central Indian Ocean the ILD deepens by ~3 m during
enhanced ISO convection and shoals by ~2 m during suppressed ISO convection. Similar to OHC, the
anomalies in the eastern Indian Ocean are out of phase with those in the central Indian Ocean, perhaps
resulting from the propagation of oppositely signed (upwelling versus downwelling) equatorial waves. The
pattern of MLD anomalies shown in Figures 4c and 4d is similar to that of the ILD but the amplitudes are
slightly weaker.

The BLT anomalies shown in Figures 4e and 4f are positive during enhanced ISO convective phases and
negative during suppressed ISO convective phases in the central Indian Ocean. The thickening of the barrier
layer by ~1 m strengthens the mixed layer's resistance to cooling by mechanical mixing at its base. Periods of
enhanced ISO convection are associated with an off‐equatorial increase of thermodynamic insulation result-
ing from the combined effects of increased BLT and OHC.While these processes are not sufficient to entirely
prevent surface cooling during the convectively enhanced ISO phase (see Figure 1c), they perhaps retard the
rate of cooling within the mixed layer. In the eastern Indian Ocean, the BLT decreases (increases) during
convectively enhanced (suppressed) periods and is in phase with SST anomalies there. The east‐west dipole
character of the intraseasonal BLT anomalies is similar to that of OHC anomalies, suggesting that mechan-
isms responsible for OHC anomalies may also force BLT anomalies. In the eastern Indian Ocean, the phase
alignment of OHC, BLT, and SST anomalies suggests that subsurface ocean properties are reinforcing the
SST tendency. The exact magnitude of the effect of OHC and BLT anomalies in this region is difficult to
interpret from the present analysis since the climatological OHC of the eastern Indian Ocean is high (not
shown) and the climatological barrier layer is thick.

One possible mechanism for the creation of BLT anomalies in the central Indian Ocean relates to horizontal
advection. The amplitudes of the ILD, MLD, and BLT anomalies in the central Indian Ocean tend to max-
imize in regions of strong climatological horizontal gradients. Because the climatological ILD gradients
are stronger in the equatorial Indian Ocean than those of the MLD, anomalous intraseasonal currents
advecting along these gradients would generate a larger anomaly in ILD than MLD, thus creating a BLT
anomaly. This suggests that equatorial wave dynamics associated with anomalous currents might play a role
in the development of BLT anomalies. Future work is required to precisely determine the importance of this
process and others, such as precipitation and vertical mixing, to the growth of intraseasonal BLT anomalies
in the central Indian Ocean.

4. Conclusions

Off‐equatorial intraseasonal OHC anomalies increase in the central and western Indian Ocean during
periods of enhanced intraseasonal convection, in opposition to conventional wisdom, which suggests
that OHC should decrease in the same manner that SST cools during these periods. The dominant pro-
cesses which determine the phase and magnitude of SST anomalies do not appear to control the OHC
anomalies. Off‐equatorial intraseasonal OHC anomalies chiefly propagate westward, opposite to the
direction of ISO convective propagation. We hypothesize that subsurface ocean dynamics driven by
oceanic equatorial waves govern the development of positive OHC anomalies during the enhanced
phase of the ISO.

The circulation of intraseasonal OHC anomalies in the Indian Ocean begins along the equator where they
propagate eastward, reflect at the eastern boundary of the basin, propagate westward along 5° latitude into
the central and western Indian Ocean, and finally develop again along the equator to complete the circuit.
OHC anomalies in the eastern Indian Ocean are typically out of phase with those in the western and central
Indian Ocean, which is perhaps a result of contrasting wave types and phases (upwelling versus downwel-
ling) simultaneously occurring in different regions of the Indian Ocean. The circulation of OHC anomalies
during ISO events agrees with the preferred latitudes and directions of propagation of first baroclinic mode
equatorial Kelvin and Rossby waves, supporting the hypothesis that ocean dynamics govern the magnitude
and phase of intraseasonal OHC anomalies. Similar to the patterns of OHC anomalies, the barrier layer
thickens (thins) in the central Indian Ocean during enhanced (suppressed) ISO convection.
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Atmospheric models coupled to slab ocean models will not be able to capture the phase, propagation, and
magnitude of intraseasonal OHC and BLT anomalies resulting from oceanic equatorial wave dynamics.
Our results suggest that wave dynamics are likely a leading contributor to the manifestation of OHC and
BLT anomalies, indicating that full physics ocean models are required to appropriately resolve subsurface
intraseasonal variability.
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