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Abstract In this study, we use 30 years of retrospective climate model forecasts and observational
estimates to show that El Niño/Southern Oscillation (ENSO) affects the amplitude of subseasonal variability
of sea surface temperature (SST) in the southwest Indian Ocean, an important Tropical Intraseasonal
Oscillation (TISO) onset region. The analysis shows that deeper background mixed-layer depths and warmer
upper ocean conditions during El Niño reduce the amplitude of the subseasonal SST variability over
Seychelles-Chagos Thermocline Ridge (SCTR), which may reduce SST-wind coupling and the amplitude
of TISO variability. The opposite holds for La Niña where the shallower mixed-layer depth enhances SST
variability over SCTR, which may increase SST-wind coupling and the amplitude of TISO variability.

1. Introduction

Subseasonally varying sea surface temperature (SST) and precipitation explains 20–30% of the total variability
of SST and precipitation over the Indo-western Pacific (Figures 1a and 1b), suggesting that variability on sub-
seasonal (30–90 days) time scales plays an important role in the tropical Indian Ocean. Subseasonally varying
deep convection over the Indo-Pacific is one of the most organized large-scale perturbations in the tropics.
This so-called Tropical Intraseasonal Oscillation (TISO) initiates over the Indian Ocean, propagates into the
Pacific, and impacts many global weather and climate phenomena, such as El Niño/Southern Oscillation
(ENSO), extreme weather in the Northern Hemisphere, Asian and Australian monsoons, and tropical cyclone
activity among many other impacts [Zhang, 2013, and references therein]. However, the individual TISO
events are not well predicted beyond 2–4weeks with most current prediction systems [Waliser et al., 2003;
Hung et al., 2013; Klingaman et al., 2015]. In the Pacific, on the other hand, interannual and longer periods
are the dominant time scales of variability (Figures 1a and 1b). ENSO, for example, occurs in the central to
eastern Pacific on interannual (2–7 years) time scales with significant global socio-economic and environ-
mental impacts and has a predictability of about 6–9months before its mature stage [e.g., Kirtman and
Schopf, 1998; Collins et al., 2002].

There have beenmany studies to determine whether and how these two dominant modes interact with each
other. Previous studies show that a boreal winter TISO, which is commonly referred to as the Madden-Julian
Oscillation (MJO) [Madden and Julian, 1972], interacts and affects ENSO through westerly wind bursts.
Anomalously strong westerly winds associated with the passage of the MJO in the western Pacific modify
thermocline structures in the equatorial Pacific Ocean and, in turn, play a role in triggering ENSO events
[e.g., Weickmann, 1991; Kessler et al., 1995; McPhaden, 1999; Kessler and Kleeman, 2000; Lopez and Kirtman,
2013]. ENSO modulations of the MJO have been also studied [e.g., Pohl and Matthews, 2007; Fink
and Speth, 1997; Tam and Lau, 2005]. For example, MJO activity extends farther east than usual [e.g.,
Woolnough et al., 2000; Tam and Lau, 2005], and the lifetime is shorter than usual during El Niño conditions
[Pohl and Matthews, 2007; Tam and Lau, 2005]. It has been also suggested that changes in MJO associated
with ENSO, in turn, affect the evolution of ENSO [e.g., Kug et al., 2008]. However, to date, no significant
simultaneous correlations have been found between the amplitude of MJO activity over the Indian Ocean
and the state of ENSO [e.g., Slingo et al., 1999; Hendon et al., 1999].

TISO is fundamentally an atmospheric phenomenon. However, observational and modeling studies over the
past decades suggest that TISO is affected by the atmosphere-ocean coupled processes [DeMott et al., 2015,
and references therein], although its existence may not be inherently coupled [e.g., Sobel and Maloney, 2013].
Motivated by the nature of the TISO being a coupled system [e.g.,Waliser et al., 1999;Webster et al., 1999], the
current study examines the amplitude of subseasonal SST variability over the southwestern Indian Ocean and
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its connection to ENSO. This regional focus on the southwest Indian Ocean is because of its importance in
the initiation of TISO. We compare the analysis of observational data with retrospective climate model fore-
casts to assess the potential predictability of TISO modulations by ENSO. Throughout the text, TISO and MJO
are used interchangeably, and the terminology of subseasonal is used to encompass all variability on this
time scale.

2. Data and Method
2.1. Model Description

The model used for this study is the National Center for Atmospheric Research Community Climate System
Model version 4.0 (CCSM4.0) [see Neale et al., 2010]. The performance of the model based on a full set of
metrics is described in a Journal of Climate special collection [e.g., Gent et al., 2011], and the modelˈs skill
in simulating and predicting tropical Indo-Pacific variability is described in Meehl et al. [2012]. The model is
currently used as routine real-time predictions as part of North American Multimodel Ensemble [Kirtman
et al., 2014]. The 10 ensemble members of CCSM4 forecasts are initialized at the first day of each month over
the period 1982–2009. We showed the results from the January-initialized forecasts that were initialized on
every 1 January 1982–2009 using the observational estimates. Each forecast is for lead times up to 1 year.

2.2. Observational Estimates

The observational data used in this study are NOAA Advanced Very High-Resolution Radiometer Global
Blended SST (level 4 [Reynolds et al., 2007], ftp://ftp.nodc.noaa.gov/pub/data.nodc/ghrsst/L4/GLOB/NCDC/
AVHRR_OI), Tropical Rainfall Measuring Mission precipitation (3B42 v7 [Huffman et al., 2007], ftp://disc2.nas-
com.nasa.gov/ftp/data/s4pa//TRMM_L3/TRMM_3B42_daily/), flux data from the Woods Hole Oceanographic

Figure 1. (a and b) Percentage of subseasonal (shading) and interannual (contour) variability of (a) SST and (b) precipitation anomalies over Indo-Pacific for all
seasons of 1982–2014 (Figure 1a) and 1982–2012 (Figure 1b). (c) Climatology of mixed-layer depth (MLD) (m) for 1961–2008.
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Institution (http://oaflux.whoi.edu/) [Yu et al., 2008], mixed-layer depth (MLD) from French Research Institute
for Exploration of the Sea (Ifremer, http://www.ifremer.fr/) [de Boyer Montégut et al., 2004, 2007], and sea
surface heights (SSHs) from Archiving, Validation, and Interpretation of Satellite Oceanographic data
(http://www.aviso.altimetry.fr/en/data.html). Daily data (except the MLD) with spatial resolutions of
0.25° × 0.25° (except for 1° of flux) are interpolated to model grids (1° × 1°) and used for 1982–2009 unless
otherwise stated. SSH is used as a proxy of thermocline depth. More detailed information of observational
data is given in the supporting information.

2.3. Method

Daily anomalies are computed by subtracting the climatological annual cycle from the daily means. This daily
anomaly is referred to as all time scales in this study. Subseasonal time scale refers to daily anomaly that is
Lanczos band-pass filtered in the period of 20–100 days with 201 weights. Monthly anomalies are computed
by subtracting the climatological annual cycle from the monthly means. Interannual time scales refer to daily
or monthly anomalies that are low-pass filtered with cutoff period of 120 days. To isolate how the amplitude
of subseasonal SST anomaly (SSTA) variability relates to ENSO, we first square the daily SSTA. Then a running
average of N days (e.g., 30 and 90 days) is performed, and lastly, the annual cycle of the running averaged-
squared SSTA is removed. We refer this final field as the low-frequency-amplitude modulation (LFAM) of
the subseasonal SST variability.

3. Results and Discussion

The ocean and atmosphere interact by exchanging heat, fresh water, and momentum at the air-sea interface.
On average, the ocean mixed layer is the upper 50m of the ocean in the tropics (43� 7m from de Boyer
Montégut et al. [2007]), where the immediate effects of atmosphere-ocean coupling are felt. Over the
Indo-western Pacific Ocean, the strong subseasonal SST and precipitation variability occur in the shallow
mixed-layer regions (Figure 1c), suggesting a close relationship between the coupled process (e.g., TISO)
and MLD. Indeed, the strength and phase speed of TISO varied with MLD in slab ocean model experiments
[e.g., Maloney and Sobel, 2004]. Further, a shallower MLD was observed before the onset of MJO, and then
the ML became deeper as the convection became active [Drushka et al., 2012; Chi et al., 2014; Duvel
et al., 2004].

Over the Indian Ocean, prominent subseasonal SST variability is found in the southwestern Indian Ocean
along the band of 5–15°S including a Seychelles-Chagos Thermocline Ridge (SCTR) [e.g., Vialard et al., 2009;
Jayakumar et al., 2011] (Figure S2 in the supporting information). The SCTR corresponds to a region where
the thermocline is close to the surface, resulting in a shallow mixed layer. This year-round feature is more
pronounced in boreal winter and spring (Figure S1), contributing to strong air-sea interactions [e.g., Duvel
et al., 2004; Vialard et al., 2009; Jayakumar et al., 2011; Xie et al., 2002]. Accordingly, more frequent TISO
events are observed in the SCTR during boreal winter and spring, although they do occur throughout the year
[Jones et al., 2004; Madden and Julian, 1994]. Since it has been suggested that the coupled processes in the
SCTR region affect TISO variability [e.g., Duvel et al., 2004; Vialard et al., 2009; Jayakumar et al., 2011; Xie
et al., 2002; DeMott et al., 2015], and further, forecasts capture the SST variability fairly well in that region
(Figure S2), we focus our analysis on this area of the Indian Ocean hereafter.

The subseasonal SST variability over the SCTR is examined in Figures 2a and 2b by calculating correlations
between SCTR index and all time scale SSTA over the tropical Ocean. We define the SCTR index as the
area-averaged subseasonal SSTA in the area of 5°S–10°S, 50–80°E. In Figures 2a and 2b, both forecasts and
observational estimates show that subseasonal SSTA variability in the SCTR is highly correlated with all time
scale SSTA exclusively over the Indian Ocean with localized maximum in the SCTR. In contrast, there is little
correlation with any other regions over the tropics.

To diagnose whether there is some low-frequency modulation of subseasonal variability that can be telecon-
nected and predicted beyond the Indian Ocean, we introduce an index that measures the modulation of the
low-frequency amplitude of subseasonal variability in the SCTR (see section 2.3) and then relate this index to
interannually varying SSTA in the tropical ocean (Figures 2c–2f). Compared with Figures 2a and 2b, the LFAM
of subseasonal SSTA shows an enhanced correlation to the Pacific SSTA (correlation ≥ 0.25), particularly for
longer running averages. This indicates that the LFAM of subseasonal SSTA variability in the SCTR region is
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Figure 2. The impacts of SCTR subseasonal SST variability on the Indo-Pacific SST are shown as (a and b) correlations between subseasonal SCTR index (area-
averaged SSTA in the SCTR region) and all time scale Indo-Pacific SSTA from observational estimates (Figure 2a) and forecasts (Figure 2b), and as (c–f) correla-
tions between subseasonal SCTR low-frequency-amplitude modulation (LFAM) index and interannual Indo-Pacific SSTA from forecasts (Figures 2c–2e) and
observational (Figure 2f) estimates. Running averages of 0 (nave = 0) (Figure 2c), 30 (nave = 30) (Figure 2d), and 90 days (nave = 90) (Figures 2e and 2f) are used. The
hashed area is statistically significant at the 90% confidence level. Correlations between LFAM-SCTR easterly wind stress (τx) and interannual Indo-Pacific SSTA are
shown as dashed contours in Figures 2c–2f. Contour intervals of 0.1 and 0.3 are shown. Niño 3.4 and SCTR regions are shown as boxes.
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Figure 3. The impact of ENSO on the subseasonal SST variability shown as (a–d) correlations between interannual Niño 3.4 SST index and LFAM of subseasonal SSTA
in the Indo-Pacific for all seasons of 1982–2009, from forecasts (Figures 3a–3c) and observational (Figure 3d) estimates. Running averages of 0, 30, and 90 days
(nave = 90) are shown. The hashed area is significant at the 90% confidence level. (e and f) The variance of subseasonal SSTA difference between JFM El Niño and JFM
La Niña for the years of 1982–2009 from observational estimates (Figure 3e) and forecasts (Figure 3f). Niño 3.4 and SCTR regions are shown as boxes.
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related to the interannual Pacific SSTA variability (e.g., ENSO). The same correlation pattern is shown from
observational estimates (Figure 2f) using a running average of 90 days. Although the correlation is somewhat
weaker, the teleconnection to the Pacific is readily apparent. Essentially, Figure 2 suggests that there is poten-
tial to predict the mean seasonal amplitude of subseasonal SSTA variability in the southwestern Indian Ocean
due to Pacific seasonal-to-interannual SSTA variations.

The similar analysis as Figure 2 was made for the zonal winds (contours in Figure 2), surface heat flux (not
shown), SSH, mixed-layer, and thermocline depths (Figure S3). Among them, the SCTR-LFAM of easterly wind
stress (τx) and MLD anomalies showed the same ENSO-like pattern as in Figure 2, suggesting that the
amplitudes of subseasonal winds and MLD over the SCTR vary with ENSO phase. Given that, during
El Niño, temperature gradient across the mixed layer would be of great importance as the amplitude of
MLD variability enhances. In contrast, there was little correlation between Niño 3.4 SST and LFAM of surface
heat flux (not shown), thermocline depth, and SSH over the SCTR (Figure S3).

The reversed analysis is made in Figure 3 to confirm the relationships between the state of ENSO and
SCTR-LFAM of SSTA shown in Figure 2. Figure 3 shows correlations between Indo-Pacific LFAM of SSTA at
all grid points at subseasonal time scales and ENSO index at interannual time scales. The ENSO index is an
area-averaged SSTA in the Niño 3.4 region (120°W–170°W, 5°S–5°N). In Figure 3, ENSO and subseasonal
SSTA amplitude are significantly and negatively correlated near the SCTR (consistent with Figure 2, confirm-
ing that the SCTR-LFAM of SSTA is correlated with the state of ENSO) and along the central to eastern
equatorial Pacific, showing stronger correlations in the observational estimates. In contrast, ENSO and sub-
seasonal SSTA amplitude are positively and significantly correlated south to SCTR and near central Pacific
(150°E–120°W) off the equator, although the positive correlations over the northwestern Pacific (south to
SCTR) are overestimated (underestimated) in the forecasts. The results are consistent with earlier observa-
tional works [e.g., Gutzler, 1989; Tam and Lau, 2005] that showed an enhanced subseasonal activity of
low-level zonal winds near and east of the dateline, and weaker variance over the western Pacific during
El Niño. However, no significant simultaneous correlations were found by these authors over the Indian
Ocean. The SSTA variance difference between El Niño and La Niña years (Figures 3e and 3f) also shows that
subseasonal SSTA variance near SCTR is substantially reduced during January-February-March (JFM) El Niño
years, whereas it is greatly enhanced during La Niña years. The year of El Niño (La Niña) in Figures 3e and 3f is
defined as a year in which the SSTA that is averaged for 3months is larger than positive (negative) 0.5°C for
three consecutive months. Further, the state of ENSO is highly correlated with the LFAM of MLD near SCTR
but not thermocline depth (Figure S4), which is consistent with Figure S3.

Changes in the mean state of the atmosphere and ocean that is associated with ENSO are examined in
Figure 4 as correlations between ENSO index and Indo-Pacific SST, MLD, and thermocline depth anomalies
on interannual time scales. During El Niño, SST over the Indian Ocean is warmer than normal overall
(Figures 4a and 4b), and easterly anomalies prevail in the SCTR (not shown). Furthermore, El Niño is correlated
with deeper MLD and thermocline depths in the SCTR (Figures 4c–4f). The variability of interannual thermo-
cline depth in this region is also known to be associated with the Indian Ocean Dipole (IOD) [Saji et al., 1999],
which IOD tends to occur with ENSO (e.g., +IOD in Figures 4a and 4b), but can happen without ENSO [e.g.,
Fischer et al., 2005]. Changes in MLDs are of importance for air-sea coupled processes, such as those asso-
ciated with TISO, since the mixed layer is the interface where the ocean and atmosphere interacts and is
highly correlated with the subseasonal variability of SST and precipitation [e.g., Maloney and Sobel, 2004;
Drushka et al., 2012; Chi et al., 2014; Duvel et al., 2004; Jayakumar et al., 2011; Xie et al., 2002; Matthews
et al., 2014; Moum et al., 2014] (see also Figure 1). The impact of interannual MLD modulation on the LFAM
of SST and wind stress variability is shown in Figure S5. The correlations between two show that deeper
mixed-layer anomalies are correlated with reduced SSTA amplitude in the Indian Ocean, in particular along
the 5–10°S (Figures S5a and S5ab), and reduced westerly anomalies over the Indian Ocean (Figures S5c
and S5d), which is not favorable for the initiation of TISO.

Over the SCTR, changes in MLD are closely related to changes in SSTA at subseasonal time scales [Halkides
et al., 2015, and references therein]. In general, when winds become stronger, the mixed layer becomes
deeper and colder because stronger winds (and weaker solar radiation) make the mixed layer more turbulent
via mechanical mixing (and by decreasing stratification), which entrains relatively colder water from below
the mixed layer. However, during El Niño, in addition to the deeper ML that has a larger inertia, the upper
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ocean is warmer than usual in the SCTR (Figures 4 and S6). Therefore, the water that entrains into the ML is a
similar temperature as the ML, which also results in smaller SSTA variability. Since the amplitude of MLD varia-
bility enhances during El Niño (Figures S3a–S3c), the similar ocean temperature right below the ML in the
SCTR plays a role in reducing the subseasonal SSTA variability.

Although ENSO is highly correlated
with interannual thermocline varia-
tions in the SCTR (Figures 4e and 4f),
it should also be noted that there is
no LFAM of subseasonal thermocline
depth that is associated with ENSO
(Figures S3 and S4), indicating that
the role of ENSO in TISO is linked via
the MLDmodulation, not the thermo-
cline depth feedback. This is because
the thermocline requires longer time
to adjust to wind forcing compared
to the mixed layer depth. Deeper
mixed layers associated with stronger
winds over the SCTR are well cap-
tured in the forecasts (Figure S7a).
The predicted total net surface
heat fluxes also agree with ob-
served fluxes in the SCTR region
(Figures S7b–S7e). The analyses in
this study are made with a year-

Figure 5. Prediction skill of LFAM-SSTA in the SCTR (blue) and Niño 3.4 index
(red) from January-initialized forecasts. Prediction skill is calculated from
correlations between predicted and observed SSTA with monthly data of
1982–2014. Mean� 1σ is shown as a vertical bar. The LFAM-SSTA is calcu-
lated with the 3month mean of SSTA without running averages (blue).
The initials of the first and last months are shown on the x axis (e.g., “JM”
indicates January–March). Correlations above the dotted line are significant
at the 90% confidence level.

Figure 4. Correlations between interannual oceanic variability and ENSO. Correlations are calculated between Niño 3.4 SST index and (a and b) SST, (c and d) MLD,
and (e and f) thermocline depth anomalies in the forecast (Figures 4a, 4c, and 4e) and observational (Figures 4b, 4d, and 4f) estimates on interannual time
scales. Correlations at lag 0 and 3months where the maximum correlations are found in the mixed-layer and thermocline depths are shown in Figures 4c–4f.
SSH anomaly is used for the thermocline depth (h20) in Figure 4f. SCTR is shown as a box. The hashed area is significant at the 90% confidence level.
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round data set, yet the results are robust regardless of seasons (not shown), but the correlations are stronger
for boreal winter months (e.g., JFM) because both the subseasonal SSTA variability over SCTR and ENSO are
the most active during boreal winter.

The prediction skill of SCTR-LFAM is assessed by calculating correlations between predicted and observed
LFAM-SCTR index (Figure 5). The amplitude of SSTA is calculated by the same method as LFAM using sea-
sonal mean SSTA. Correlations between predicted and observed ENSO index are also shown in Figure 5 to
show the model performance relative to ENSO prediction. In Figure 5, Niño 3.4 SST has about 6–8months
of prediction skill in the forecasts assuming a threshold of 0.5. However, predicting the amplitude of
subseasonal variability is more challenging. Correlations are about 0.32 until April then gradually drop with
substantial fluctuations. In Figure 5, ENSO explains about 7% of LFAM subseasonal SCTR-SSTA variability
until about April.

4. Summary and Conclusion

This study examines the interactions between ENSO and the amplitude of subseasoanal SST variability over
the SCTR, a dominant TISO onset region. We use climate model forecasts to facilitate the direct comparisons
with observational estimates for 1982–2009. The analysis shows that the low-frequency amplitude of subsea-
sonal SST variability is correlated with ENSO. During El Niño, the background mixed-layer and thermocline
depths are deeper than normal. The deeper mixed layers with warmer upper ocean conditions, modulated
by El Niño, in turn, play a role in reducing the amplitude of subseasonal SSTA variability over SCTR, which
possibly reduces SST-wind coupling and the amplitude of TISO variability via air-sea coupled process [e.g.,
Webster et al., 1999; DeMott et al., 2015, and references therein]. The opposite holds for La Niña where the
shallower mixed-layer depth enhances SST variability over SCTR, which may increase SST-wind coupling
and the amplitude of TISO variability.

This study highlights that ENSO modulates the low-frequency amplitude of subseasonal SST variability over
SCTR through the MLD modulation, suggesting that ENSO can be used to predict the mean seasonal ampli-
tude of subseasonal variability over the Indian Ocean. Recently, Benedict et al. [2015] also showed that the
MJO propagation was influenced by the Pacific SSTA rather than the local Indian Ocean SSTA. Changes in
TISO associated with ENSO, in turn, affect the evolution of ENSO [Kug et al., 2008], and thus, it is also possible
that the enhanced subseasonal variability over the Indian Ocean during La Niña makes the evolution of La
Niña less predictable.
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