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Ocean feedback to pulses of the Madden-Julian
Oscillation in the equatorial Indian Ocean

James N. Moum', Kandaga Pujiana'?, Ren-Chieh Lien3 & William D. Smyth'

Dynamical understanding of the Madden-Julian Oscillation (MJO) has been elusive, and
predictive capabilities therefore limited. New measurements of the ocean’s response to the
intense surface winds and cooling by two successive MJO pulses, separated by several
weeks, show persistent ocean currents and subsurface mixing after pulse passage, thereby
reducing ocean heat energy available for later pulses by an amount significantly greater than
via atmospheric surface cooling alone. This suggests that thermal mixing in the upper ocean
from a particular pulse might affect the amplitude of the following pulse. Here we test this
hypothesis by comparing 18 pulse pairs, each separated by <55 days, measured over a
33-year period. We find a significant tendency for weak (strong) pulses, associated with low
(high) cooling rates, to be followed by stronger (weaker) pulses. We therefore propose that
the ocean introduces a memory effect into the MJO, whereby each event is governed in part
by the previous event.
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he Madden-Julian Oscillation (MJO) is a tropical

intraseasonal oscillation that forms in the Indian Ocean

and whose dominant surface signature in the equatorial
Indian and western Pacific Oceans is a pulse of intense winds
and heavy precipitation coupled with deep atmospheric
convection lasting 2-3 days at a given location, covering an area
of 50,000km? and recurring at intervals of 30-90 days!. Its
signal propagates around the globe in the equatorial band, where
it influences weather phenomena as disparate as Atlantic
hurricanes and the Pineapple Express along the west coast of
North America®. Here, we use the term ‘pulse’ to represent the
westerly wind burst at the sea surface, beginning at the time when
the surface wind stress exceeds a threshold value and ending
when the stress subsequently falls below this value.

The effect of sea surface temperature (SST) on some forms of
weather phenomena is well established. For example, hurricanes
derive most of their energy from heat stored in the upper ocean®.
The significance of diurnal warm layers on the intensity of
atmospheric convection has been shown through simulations*
and observations®. It has been suggested that, in March 2015,
anomalously warm SST in the western Pacific provided the heat
energy for MJO amplification to record amplitudes®. However,
neither the role of air-sea fluxes”® nor that of internal ocean
processes”!? in MJO development is clear at present.

By virtue of its high heat capacity (4 x that of air) and
density (103 x air), the ocean responds slowly to energetic,
rapidly moving and evolving atmospheric disturbances like the
MJO. These same factors also mean that the oceanic response
continues after the atmospheric disturbance has passed. They
raise the issue that there may be an effect of this slowly evolving
response on subsequent atmospheric disturbances.

Here, we link insight gained from recent short-term field
measurements with a statistical analysis of the existing
longer-term record to show an unanticipated dependence of
MJO intensity on SST. Dynamics of the Madden-Julian
Oscillation (DYNAMO)}M2  was  a large-scale  air-sea
interaction experiment in the central equatorial Indian Ocean
in boreal autumn of 2011 that included local and coincident
measurements of surface fluxes and subsurface currents,
stratification and mixing. Early results from shipboard
measurements made during this experiment showed the
persistence of the subsurface disturbance following passage of
the MJO in the atmosphere!®. Here we include longer-term
moored records, also part of DYNAMO, that demonstrate the full
subsurface response to two consecutive MJO pulses, a strong
pulse following a weak pulse. Since it was at least possible that the
greater upper ocean heat content (HC) remaining after the weak
pulse might have contributed to the stronger following pulse, this
anecdotal result prompted us to pose a hypothesis that stronger
(weaker) pulses always follow weak (strong) pulses. To address
this hypothesis we exploited a set of reanalysis data products that
begins in 1980 and includes sufficient information to identify
MJO pulses, and to quantify their intensity as well as pre- and
post-pulse SST. These data revealed 84 MJO pulses between 1980
and 2013. Of these, 18 pulse pairs separated by <55 days were
identified. These pulse pairs showed a significant correlation
between SST cooling produced by the initial pulse and the
intensity of the following pulse. The change in SST also correlated
negatively with the intensity of each MJO pulse. Taken together,
these suggest negative feedback between successive MJO pulses,
thus supporting our stated hypothesis.

Results

Details of upper ocean response to two successive MJO pulses.
Subsurface measurements during and following pulses of the
MJO in the Indian Ocean suggest that the ocean’s response
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may influence subsequent pulses. These measurements have led
to distinctions in both form and intensity between observed
pulses'>~14. Two pulses in October and November 2011 were
particularly well-sampled and helped in illustrating differences
between relatively weak and relatively strong pulses. We next
assess the generality of these patterns using historical data.

A large-scale quantification of the intensity of each pulse is
provided by the real-time multivariate MJO (RMM) index!.
RMM provides an assessment based on outgoing longwave
radiation (OLR) and winds at 200 and 850 hPa. RMM has both
amplitude and phase, where phase roughly references geographic
regions around Earth at the equator. The central equatorial
Indian Ocean, the region of detailed measurements discussed
here, roughly corresponds to phase 3 (ref. 16), and we refer to the
value of RMM computed there as >RMM. A value of SRMM > 1 is
considered to be a significant event. The examples in Fig. 1 are
characterized by RMM =1.3 (significant but relatively weak
pulse) and SRMM =2.3 (strong pulse), where these values
represent three-day averages centred at the peak daily value.

The two pulses were sensed at three locations along the equator
where detailed subsurface measurements were made (0°, 78° E;
0°, 80° E; 0°, 90° E) from oceanographic moorings instrumented
with turbulence sensors!’. An averaged oceanic response was
derived by shifting the time series using the nominal MJO pulse
propagation speed (5ms ~!) to reference time at each location to
the arrival of the pulse. Time series of surface wind stress (t), SST,
zonal velocity (u), heat content anomaly (SHC), net heat flux at
the sea surface (J°) and subsurface turbulent heat flux (];) were
averaged daily.

Significant distinctions are apparent between the relatively
weak early MJO pulse and the later, stronger pulse (Fig. 1).
During the stronger pulse surface forcing was greater and lasted
longer, represented by large 7 (Fig. la) and large negative ]g
(Fig. le). Before pulse 2, SST was 0.5K warmer than it was
before pulse 1 (Fig. 1b), after which it cooled by 1.0 K, compared
with a net cooling of <0.5K for pulse 1. The high SST preceding
the MJO pulse has been referred to as the positive intraseasonal
SST anomaly'®1®. Upper ocean HC (integrated over 0-40m)
before pulse 1 was smaller than it was before pulse 2 by
44 MJ m ~ 2, Following pulse 1, cooling led to a minimum value
SHC= —55MJm~2 4 days after the wind burst when ]g
reversed sign to heating, and the upper ocean was heated at a rate
of 55 W m ~ 2, recovering the full heat lost by the pulse after 16
days (Fig. 1c). In contrast, seven days after pulse 2, the ocean had
lost 117 MJm ~2 of heat energy. The initial recovery coincided
with the sign reversal of ], but was weaker (31 Wm~2) until
day 13, followed by rapid %eating (158 Wm ~2). After 16 days,
the HC was still smaller by 60 MJm ~ 2 than its initial value and
indeed, smaller than the pulse 1 minimum. Note that the
cooling of SST during the disturbed (cloudy) state before
the WWB is not reflected in SHC. It is primarily due to a
deeper and weaker diurnal warm layer.

The greater wind stress of pulse 2 accelerated an eastward jet in
the upper 100 m of the ocean by 0.8 ms ~! over 8 days (Fig. 1d),
causing a doubling of eastward mass transport'®, a deepening of
the jet and an enhancement of shear at its base. The combination
of strong surface forcing and enhanced shear is presumably
responsible for the increased and persistent subsurface
turbulence, expressed here as J' (Fig. le), the average turbulent
heat flux?® over the upper 79m (see ‘Methods’ section). The
subsurface cooling inferred from ]é through down-gradient,
Fickian-like diffusion (deeper waters are cooler) was large for at
least an additional 7 days past the cessation of the wind burst. The
slope change in 6HC after pulse 2 coincides with diminished ];.

Larger and extended cooling of the upper ocean during the
passage of pulse 2 is consistent with larger and extended surface
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Figure 1| Ocean response to successive Madden-Julian Oscillation
(MJO) pulses. The first, relatively weak (red; 3RMM =1.3) and second
strong (blue; 3SRMM = 2.3) pulses were sensed at oceanographic moorings
at 0°,78° E; 0°,80° E and 0°, 90° E during the DYNAMO experiment in
boreal fall 2011. The time base (in days) is relative to the beginning of the
principal wind burst of each pulse at each location with the arrival date at O,
80° E noted in the legend. The timing at each location has been lagged at
the nominal MJO propagation speed of 5ms ~ to match and then variables
shown averaged in normalized time. (a) Surface wind stress, 7. (b) Sea
surface temperature, SST. (¢) Heat content anomaly, upper 40 m. Heat
content, HC = pC, f(140 T(z) dz, where p is the density and C, the specific
heat of seawater, T(2) is the depth-dependent temperature profile from
temperature sensors on the moorings and the integral is computed over
the upper 40 m of the water column. The anomaly is referenced to the
average value of HC over the three days before day O. Before pulse 2,
HC was larger by 44 MJm ~2. The thin, annotated black lines represent
heating rates of the upper 40 m following cessation of the wind bursts.
(d) Zonal current velocity, u, (eastward>0) averaged over the ocean's
upper 100 m. (e) Daily-averaged heat flux. JS is the net surface
heat flux and Jé is the subsurface turbulent heat flux. Jg’ is >0 when
dominated by solar heating and the ocean surface is heated. JS is <0
when dominated by latent cooling. Jg represents downgradient heat
transfer by turbulence in the ocean and is almost always <O, cooling
the sea surface. Thick lines represent J‘q, thin lines J[?. The shading
emphasizes the sign of Jqo. The vertical bars represent 95% bootstrap
confidence limits.

forcing. But after the passage of the wind burst, SHC and SST
recovery rates were considerably less than following pulse 1,
despite comparable net surface heating. Figure le suggests that
cooling from below via subsurface mixing is the likely cause of
this. The net result is that the stronger MJO pulse reduces upper
ocean HC more than the weaker pulse does, and this cooling
continues after the passage of the atmospheric disturbance. We
next assess the generality of these patterns using historical data.

Properties of MJO pulses 1980-2013. The differences in oceanic
response to the varying intensity of the pulses is important if
upper ocean HC is a significant contributor to MJO pulse
intensity. This would be the case if the greater heat available
following a weak pulse feeds back into a stronger following
pulse. We test this idea using a longer record (1980-2013) of
atmospheric and surface variables derived from reanalysis products
of daily, gridded estimates of OLR (ref. 21), 7, SST and ]2 (ref. 22) in
the tropics. Data were averaged over 3 days in time, and spatially
over 6° of latitude and 6° of longitude centred at 0°, 80° E, roughly
the centre of RMM phase 3. These data provide a broader spatial
perspective than is obtained from the set of point measurements
shown in Fig. 1. From these data, MJO pulse pairs were selected
under the following criteria: we required that >RMM > 1, that pulses
propagated eastward in OLR at 3-9ms~ !, that zonal winds at
850 hPa (National Centers for Environmental Prediction (NCEP)
reanalysis) were westerly and that the pulse pair separation was
<55 days. The resulting pulse durations ranged from 3 days (which
is our averaging period, hence minimum length) to 14 days with
mean and median of 6 days.

In our analysis, we use SST as a proxy for HC. While it is SST
that directly communicates heat from ocean to atmosphere, a thin
layer cannot do so for very long. A more representative measure
of the ocean’s capacity to effect significant influence on the
atmospheric boundary layer above is obtained by integrating
over the upper ocean to determine its HC. To assess the
correspondence of SST to HC, subsurface temperature and SST
data from the Research Moored Array for African-Asian-
Australian Monsoon Analysis and Prediction (RAMA) mooring
at 0°, 80° E between late 2008 and through 2012 was averaged
daily and HC computed over the upper 40 m. The comparison of
HC and SST is shown in Fig. 2. The strong correlation between
the two provides a rationale for using SST as a proxy for HC.

From the complete records starting in 1980, our selection
criteria delivered 18 MJO pulse pairs. The beginning of each pulse
was identified as the time at which westerly 7 increased above
0.025N'm ~ 2, accompanied by a sign change in J° from surface
heating to surface cooling. The end of each pulse coincides with t
decreasing below the same threshold value. The data series
generated from reanalysis products were referenced to the
beginning of the principal wind burst, so that resulting series
are in terms of time since the beginning of the wind burst. They
were then simply averaged into composite weak (PRMM < 1.8)
and strong (®RMM >1.8) time series; their characteristics are
depicted in Fig. 3. The stronger (blue) MJO pulses are
characterized by larger negative OLR anomalies indicating cooler
cloud tops, hence deeper convection (Fig. 3a), greater cooling of
the sea surface (Fig. 3b) and larger and longer-lasting surface
wind stress (Fig. 3c). SST cooling (Fig. 3d) begins before the
principal wind burst (as in Fig. 1) presumably during the
disturbed state preceding the active MJO. As in the DYNAMO
pulses represented in Fig. 1, there is no reason to suspect that
upper ocean HC decreases since J°>0 during this period.
This early decrease in SST is likely due to suppression of the
near-surface diurnal warm layer. Net SST cooling is, on average,
0.25K for weak pulses, the minimum occurring 5 days after the
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Figure 2 | Heat content versus SST. Heat content (HC) derived from daily-
averaged temperature profiles (integrated over the upper 40 m) and SST at
the RAMA mooring at 0°, 80° E between late 2008 through 2012. The 905
data points are significantly correlated, r=0.95 [0.94, 0.96] where the
values in [ ] represent 95% confidence limits. The linear regression
indicated by the black line is HC =0.14 x SST + 0.54.

wind burst begins and 0.5K for strong pulses, with the minimum
occurring 10 days after the beginning of the wind burst (t=0).
Consequently, after 30 days, SST has fully recovered to its
pre-pulse value after the weak pulses but is still 0.3 K smaller
30 days after the strong pulses.

A particular feature to note in Fig. 3c is the twin peaked
structure in wind stress during strong MJO pulses. The peaks are
separated by 5 days, as in the stronger, well-sampled DYNAMO
pulse in Fig. 1. The signal in Fig. 1 has been associated with a pair
of atmospheric Kelvin waves tracked in satellite precipitation
records and embedded within the greater envelope of the
propagating MJO pulse!®. Is it possible that stronger MJO
pulses are always associated with convectively coupled Kelvin
waves in the central equatorial Indian Ocean?

Stronger MJO pulses cause greater SST cooling. For each
individual pulse, the net sea surface cooling was determined as
the SST difference between post-wind burst minima (for t<15
days) and the value at t=0. In Fig. 4, paired MJO pulses are
colour coded, the first in the pair (pulse,) denoted by a circle and
the second (pulse,,;) by a triangle. The stronger pulses
(quantified by larger >RMM, an index independent of SST) are
associated with stronger SST cooling (8SST in Fig. 4). If SST is a
reliable proxy of HC, then Fig. 4 indicates that, on average, pulses
following strong initial pulses pass over an upper ocean with
reduced HC compared with those following weak pulses.

Negative feedback between pulse pairs. Apparently, the atmo-
sphere responds to these changes in ocean HC, at least over
relatively short time scales (<55 days). When we compare the
intensities of following pulses *RMM,, , ;) to SST changes caused
by the corresponding initial pulses (8SST,,), there is significant
correlation (Fig. 5). This correlation progressively disappears
when the time between pulses exceeds 55 days. The sense of the
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Figure 3 | Composite averaged temporal evolution of paired pulses. The
pairs are separated by <55 days, as identified in the text. Ensemble
averages derived from 18 weak (1<3RMM <1.8; red) and 18 strong pulses
(CRMM >1.8; blue). Time is referenced to the principal wind burst of each
pulse. (a) Outgoing longwave radiation, OLR. (b) Net surface heat flux, Jqo.
(c) Surface wind stress, 7. (d) Sea surface temperature, SST. The vertical
bars represent 95% bootstrap confidence limits.

correlation in Fig. 5 is such that weak (strong) SST cooling is
followed by a stronger (weaker) pulse. This is consistent with a
scenario in which short-term changes in upper ocean HC
feed back (negatively) to the intensity of MJO pulses, acting as a
short-term governor on the system.

Stronger MJO pulses generally follow larger pre-pulse SST. The
correlation shown in Fig. 5 is also consistent with a broader
potential association of high SST and high RMM (Fig. 6).
The occurrence and intensity of tropical cyclones (TCs, including
hurricanes and typhoons) is dynamically associated with warm
SST through its effect on the moisture content of the atmospheric
boundary layer. However, showing this statistically (important for
projecting occurrence frequencies and intensities in a changing
climate) has not been straightforward. Tropical SST has been
shown to be correlated with the maximum cubed surface
wind speed within hurricanes, a direct measure of the power in
individual TCs (ref. 23). A strong relationship also exists between
the frequency of TCs with SST (ref. 24), however indirect the
SST/TC number relationship. These studies benefited from
relatively long records (>80 years) and direct measurements of
cyclone winds and occurrences.

By comparison, our record of >RMM is short and measure-
ments are less direct. However, a relatively unsophisticated
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Figure 4 | Net surface cooling of 84 MJO pulses relative to 3RMM. Data
represent pulses identified using reanalysis data products between 1980
and 2013, as described in the text. Of these 84 pulses (grey circles), 18
pulse pairs separated by <55 days are plotted with matching colours, each
colour representing a pair of pulses. The first of the pair are denoted by
circles, the second by triangles. Confidence limits are defined in the
Methods. The pulse pair data are significantly and negatively correlated
with r= —0.49 [ - 0.71, — 0.20], P value =0.0022. The solid black line
represents the regression 8SST= — 0.23 x 3RMM — 0.2. The dashed black
lines represent 95% confidence limits on the slope of the regression.
Correlations, slopes and P values are not substantially different between the
84 parent pulses and the 36 paired pulses.

analysis using SRMM of the 84 MJO pulses identified in our
record compared with SST averaged locally at 0°, 80° E is
suggestive. We sorted the 84 pulses into three ranges of pre-
existing SST and then counted the number of pulses in six ranges
of 3RMM (Fig. 6). This shows a progressively greater propensity
for large values of >RMM to occur with progressively larger SST.

It is possible that >RMM is not the best metric for this analysis.
SRMM is not a direct measure of energy while SST, as a proxy
for HC, is. A more insightful analysis might potentially use SST
over a broader equatorial expanse of the Indian Ocean to include
the origins of the MJO pulses.

Discussion
For the two MJO pulses we have been able to observe in detail the
total heat extracted from the upper ocean is lost in roughly equal
parts to the atmosphere via J? and to the deeper stratified ocean
via ]; (Fig. 1). Through the first MJO, 19 MJm 2 was lost to
surface fluxes over the first 3 days of the wind burst and
24 MJm ~ 2 lost to subsurface fluxes over 5 days. In the second
MJO pulse, 69 MJ m ~ 2 of heat energy was lost to surface fluxes
over 2 two-day feriods associated with each individual wind burst
and 85M]J m ™ “ to subsurface fluxes over 12 days. The extended
cooling from below is due to turbulence generated via instabilities
by the persistent shear at the base of the Yoshida-Wyrtki Jet
that is excited by the wind bursts. Roughly 25% greater cooling is
attributed to subsurface fluxes compared with surface fluxes.
Contrast this to two extreme cases. In the open ocean in
moderate winds and away from strong currents, nighttime
convection is principally due to cooling of the ocean from
above by the atmosphere. A little more than 10% of the cooling of
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Figure 5 | Negative feedback. Following pulse intensity (3RMM,,+1) is
plotted as a function of SST cooling from the initial pulse (8SST,). The
colours identify each of the paired pulses in Fig. 4. Confidence limits are
defined in the Methods. The data are significantly correlated with r=0.64
[0.24, 0.85], P value =0.0046. The solid black line represents the
regression 3R!\/l!\/lﬂﬂ =0.73 x 6SST,, — 2. The dashed black lines represent
95% confidence limits on the slope of the regression.
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Figure 6 | Stronger MJO pulses are generally associated with higher pre-
pulse SST. Frequency of occurrence of 84 MJO pulse 3RMM values with
the following ranges of pre-existing SST: low SST (<29 °C; blue), mid-range
SST (29-30°C; grey) and high SST (>30 °C; red).

the mixed layer is effected by mixing of cooler waters across
the mixed layer base through penetrative convection®. At
the other extreme, TCs extract their energy from the ocean,
which contributes several thousands of Wm ™2 to cooling
the upper ocean during cyclone passage?®. In this case
subsurface fluxes are 5-10 X greater than surface fluxes. These
two extremes can be characterized by ]2 /]t >>1 (nighttime
convection) and ]g / ]; <<1 (TC). The MJO pLElses observed here
represent ]f;/]é &~ .
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Table 1 | Moored data used in Fig. 1.

Location Temperature/HC Zonal velocity/u xpods/.lf,

0°, 78° E 1,5,10,15,20,30,40 m 1,5,10,15,20,30,40 m 24,37,43,59,79 m
0°, 80°E 1,510,13,20,40 m 10,3540 m 24,34,44,59,75m
0°,90° E 1,10,13,20,40 m 10,35,40m 14,21,58,62 m

Moorings at the equator and 80° E, 90° E are part of the long term RAMA array of equatorial Indian Ocean mooringsw, The mooring at 0°, 78° E was deployed specifically for the DYNAMO experiment
by the Applied Physics Lab at University of Washington. All three moorings were equipped with meteorological sensors from which the wind stress and net surface heat flux were derived from bulk
formulae3'. This table shows depths of velocity, temperature and ypod measurements on each mooring. HC; heat content.

In the case of the TCs, the redistribution of heat between
near-surface and deeper ocean layers is so great that it has
been suggested (via modelling) that the resultant deep warm
anomalies, or deep mixed layers persist long enough to act as
positive feedback to subsequent TCs?’. That is, the sense of
the correlation is opposite to that shown in Fig. 5. The deeper
mixed layers induce smaller surface cooling as subsequent TCs
pass, thus promoting stronger cyclone intensity. That the
opposite correlation is found in Fig. 5 for MJO feedback must
be due to the far less extreme values of Ji during and following
the passage of MJO pulses.

The correlation in Fig. 5 suggests a significant influence of MJO
pulses on those immediately following, indicating that the
MJO leaves a memory of its passage behind as it propagates
around the globe. The 55-day time scale is consistent with
the relatively slow response time of the ocean, suggesting that the
memory effect reflects heat storage in the upper ocean.

If the change in upper ocean HC effected by a pulse influences
the following pulse, and the ocean contributes as much to
reducing ocean HC via subsurface fluxes as does the atmosphere
via surface fluxes, then there ought to be a general improvement
in forecast skill by proper inclusion of subsurface mixing.
The influence of the ocean on the atmosphere is via surface
fluxes through the air-sea interface, which depend in part on SST.
We have shown that subsurface fluxes contribute significantly to
SST. Therefore, surface fluxes and internal ocean processes must
both contribute to MJO intensity.

Methods

Identification of the pulse pairs in Figs 4 and 5. The Wheeler-Hendon
computation of RMM uses OLR and winds at 200 and 850 hPa to make a fairly
good predictor of MJO-like activity in the equatorial Indian Ocean. However,

it does not guarantee eastward propagation of the OLR anomaly nor does it
guarantee surface westerlies. These are further factors we have flagged for in our
definition of MJO pulses. We select significant SRMM values occurring between
September and May and also require that: eastward propagation of the OLR
anomaly with a phase speed of 3-9 m's ~ !, winds at 200 hPa and 850 hPa are out of
phase and winds are westerly at 850 hPa.

Confidence limits in Figs 4 and 5. For each MJO pulse, 3SST was computed as
the difference in SST at its minimum (within 15 days following pulse onset) and
the value at pulse onset. Confidence limits were estimated as the sum of the
confidence limits of the minimum and maximum values of SST over the averaging
domain (3 x 3 degree box centred at 0° N, 82.5° E). In turn, these are 1.960/\/n,
where o is the s.d.,, # the number of data points (36 one-degree resolution data
points per day) and the factor 1.96 represents 95% confidence for a normal
distribution.

The same approach was used to estimate confidence limits for >RMM. We
determined ¢ for >RMM values within the averaging time window of 3 days.

Definition of J. The vertical (more strictly, diapycnal) flux of heat by turbulence
is represented by Fickian diffusion, enhanced by a turbulence diffusion coefficient,
Kr = yr/ (2TZZ) (ref. 28). The temperature-variance dissipation rate (y7) is
computed by scaling temperature-gradient spectrum measured by fast thermistors
on small autonomous instruments (pods*’) attached to oceanographic moorings
and packaged with inertial navigation units to quantify the component of flow
speed past the sensor that is due to wave-induced motions of the surface float?’.
The other component of the flow speed is the ocean current speed, measured
separately by velocity sensors on the mooring. The vertical temperature gradient,

6

T, is defined locally by the vertical motion of the sensor through the water or, on a
larger scale, by additional temperature sensors on the mooring. The depth-
dependent vertical heat flux caused by turbulence is J; = — pCyKrT,, where p is
the density of seawater and C, its heat capacity. For this experiment, ypods were
distributed differently in depth for each of the three moorings and we simply
averaged J! over all depths (in Table 1) at each mooring to provide relative
estimates of subsurface heat flux between the weak and strong pulses in Fig. 1.

External databases. >RMM index: daily data, http://www.bom.gov.au/climate/
mjo/graphics/3RMM.74toRealtime.txt

OLR: daily data with a spatial resolution of 1/4 degree. Source:
http://www.esrl.noaa.gov/psd/data/gridded/data.interp_ OLR html (ref. 21)

Zonal wind: daily NCEP reanalysis data. data: http://www.esrl.noaa.gov/psd/
data/gridded/data.ncep.reanalysis.html

Wind stress and surface heat flux: daily TropFlux data with a spatial resolution
of 1 degree. http://www.incois.gov.in/tropflux/ (ref. 22)

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.

References

1. Zhang, C. Madden-Julian oscillation. Rev. Geophys. 43, RG2003 (2005).

2. Hand, E. The storm king. Science 350, 22-25 (2015).

3. Emanuel, K. A. Thermodynamic control of hurricane intensity. Nature 401,
665-669 (1999).

4. Seo, H., Subramanian, A. C., Miller, A. J. & Cavanaugh, N. R. Coupled impacts
of the diurnal cycle of sea surface temperature on the Madden-Julian
oscillation. J. Clim. 27, 8422-8443 (2014).

5. Ruppert, J. H. & Johnson, R. H. Diurnally modulated cumulus moistening in
the preonset stage of the Madden-Julian oscillation during DYNAMO. J.
Atmos. Sci. 72, 1622-1647 (2015).

6. Marshall, A. G.,, Hendon, H. H. & Wang, G. On the role of anomalous ocean
surface temperatures for promoting the record Madden-Julian oscillation in
March 2015. Geophys. Res. Lett. 43, 472-481 (2015).

7. Sobel, A. H., Maloney, E. D., Bellon, G. & Frierson, D. M. The role of surface
heat fluxes in tropical intraseasonal oscillations. Nat. Geosci. 1, 653-657 (2008).

8. Sobel, A. H., Maloney, E. D., Bellon, G. & Frierson, D. M. Surface fluxes and
tropical intraseasonal variability: a reassessment. J. Adv. Model. Earth Syst. 2, 2
(2010).

9. Matthews, A. J. Atmospheric response to observed intraseasonal tropical sea
surface temperature anomalies. Geophys. Res. Lett. 31, L14107 (2004).

10. DeMott, C. A., Klingaman, N. P. & Woolnough, S. J. Atmosphere-ocean
coupled processes in the Madden-Julian oscillation. Rev. Geophys. 53,
1099-1154 (2015).

11. DYNAMO. DYNAMO|Earth Observing Laboratory. Dynamics of the
Madden-Julian Oscillation. Available at http://www.eol.ucar.edu/field_projects/
dynamo.

12. Yoneyama, K., Zhang, C. & Long, C. N. Tracking pulses of the Madden-Julian
oscillation. Bull. Am. Meteorol. Soc. 94, 1871-1891 (2013).

13. Moum, J. N. et al. Air-sea interactions from westerly wind bursts during
the November 2011 MJO in the Indian Ocean. Bull. Am. Meteorol. Soc. 95,
1185-1199 (2014).

14. de Szoeke, S. P., Edson, J. B., Marion, J. R, Fairall, C. W. & Bariteau, L. The
MJO and air-sea interaction in TOGA COARE and DYNAMO. J. Clim. 28,
597-622 (2015).

15. Wheeler, M. C. & Hendon, H. H. An all-season real-time multivariate MJO
index: development of an index for monitoring and prediction. Mon. Weather
Rev. 132, 1917-1932 (2004).

16. Pohl, B. & Matthews, A. J. Observed changes in the lifetime and amplitude of
the Madden-Julian oscillation associated with interannual ENSO sea surface
temperature anomalies. J. Clim. 20, 2659-2674 (2007).

17. Moum, J. N, Perlin, A., Nash, J. D. & McPhaden, M. J. Seasonal sea surface
cooling in the equatorial Pacific cold tongue controlled by ocean mixing.
Nature 500, 64-67 (2013).

| 7:13203 | DOI: 10.1038/ncomms13203 | www.nature.com/naturecommunications


http://www.bom.gov.au/climate/mjo/graphics/3RMM.74toRealtime.txt
http://www.bom.gov.au/climate/mjo/graphics/3RMM.74toRealtime.txt
http://www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.incois.gov.in/tropflux/
http://www.eol.ucar.edu/field_projects/dynamo
http://www.eol.ucar.edu/field_projects/dynamo
http://www.nature.com/naturecommunications

ARTICLE

18. Shinoda, T., Hendon, H. H. & Glick, J. Intraseasonal variability of surface fluxes
and sea surface temperature in the tropical western Pacific and Indian Oceans.
J. Clim. 11, 1685-1702 (1998).

19. Fu, X. et al. Distinctive roles of air-sea coupling on different MJO events: a new
perspective revealed from the DYNAMO/CINDY field campaign. Mon.
Weather Rev. 143, 794-812 (2015).

20. Moum, J. N. & Nash, J. D. Mixing measurements on an equatorial ocean

mooring. J. Atmos. Ocean. Technol. 26, 317-336 (2009).

. Liebmann, B. & Smith, C.A. Description of a complete (interpolated) outgoing
longwave radiation dataset. Bull. Am. Meteor. Soc. 77, 1275-1277 (1996).

22. Praveen Kumar, B., Vialard, J., Lengaigne, M., Murty, V. S. N. & McPhaden, M. J.
TropFlux: air-sea fluxes for the global tropical oceans—description and
evaluation. Clim. Dyn. 38, 1521-1543 (2011).

23. Emanuel, K. Increasing destructiveness of tropical cyclones over the past 30
years. Nature 436, 686-688 (2005).

24. Holland, G. J. & Webster, P. J. Heightened tropical cyclone activity in the North
Atlantic: natural variability or climate trend? Philos. Trans. A Math. Phys. Eng.
Sci. 365, 2695-2716 (2007).

25. Anis, A. & Moum, J. N. Prescriptions for heat flux and entrainment rates in the
upper ocean during convection. J. Phys. Oceanogr. 24, 2142-2155 (1994).

26. D’Asaro, E. A. The ocean boundary layer below hurricane Dennis. J. Phys.

Oceanogr. 33, 561-579 (2003).

. Pasquero, C. & Emanuel, K. Tropical cyclones and transient upper-ocean
warming. J. Clim. 21, 149-162 (2008).

. Osborn, T. R. & Cox, C. S. Oceanic fine structure. Geophys. Fluid Dyn. 3,
321-345 (1972).

29. Perlin, A. & Moum, J. N. Comparison of thermal variance dissipation rates
from moored and profiling instruments at the equator. J. Atmos. Ocean.
Technol. 29, 1347-1362 (2012).

30. McPhaden, M. J. et al. RAMA: the research moored array for African-Asian—
Australian monsoon analysis and prediction. Bull. Am. Meteorol. Soc. 90,
459-480 (2009).

. Fairall, C. W,, Bradley, E. F.,, Hare, J. E.,, Grachev, A. A. & Edson, J. B. Bulk
parameterization of air-sea fluxes: updates and verification for the COARE
algorithm. J. Clim. 16, 571-591 (2003).

2

—_

2

N

2

el

3

—

Acknowledgements

The National Science Foundation (1029265, 1029488, 1030772, 1059055) and the Office
of Naval Research (N0001-10-1-2098) funded this work. We are grateful for NOAA’s
maintenance of the RAMA array of Indian Ocean equatorial moorings and for deploying
and recovering our xpods on several of these. Comments by Elizabeth Thompson and
Chidong Zhang on an early draft are appreciated. Comments by Adam Sobel and two
anonymous reviewers on the initial submission were enlightening and helpful.

Author contributions

JN.M. developed the hypotheses and conceived the study. K.P. did the heavy-duty
computations of field data and historical data. R.-C.L. was responsible for the 0°, 78° E
mooring data. W.D.S. provided insight into the physics and the statistical analysis.
The paper was primarily written by J.N.M. with considerable help from all co-authors.

Additional information
Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Moum, J. N. et al. Ocean feedback to pulses of the
Madden-Julian oscillation in the equatorial Indian ocean. Nat. Commun. 7, 13203

doi: 10.1038/ncomms13203 (2016).

This work is licensed under a Creative Commons Attribution 4.0
L7 International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

| 713203 | DOI: 10.1038/ncomms13203 | www.nature.com/naturecommunications 7


http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	Ocean feedback to pulses of the Madden–Julian Oscillation in the equatorial Indian Ocean
	Introduction
	Results
	Details of upper ocean response to two successive MJO pulses
	Properties of MJO pulses 1980–2013
	Stronger MJO pulses cause greater SST cooling
	Negative feedback between pulse pairs
	Stronger MJO pulses generally follow larger pre-pulse SST

	Discussion
	Methods
	Identification of the pulse pairs in Figs 4 and 5
	Confidence limits in Figs 4 and 5
	Definition of
	External databases
	Data availability

	Additional information
	Acknowledgements
	References




