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Introduction
Understanding the decadal sea level variability in the Indian

Ocean is essential especially in the context of improving the

skill of decadal sea level prediction (e.g., Li and Han 2015;

Han et al. 2014).

In the Indian Ocean, the southwestern tropical region known

as the Thermocline Ridge region of the Indian Ocean (TRIO),

shows large sea level variability in the decadal and

interannual time scales.

Fig. 1 a Standard deviation of sea level anomalies (cm) in the decadal time scales (shaded) and

interannual time scales (contours). The box defines the region of maximum standard deviation

(50°E–80°E, 15°S–5°S). b Climatological D20 (m, shaded) and sea level (cm, contours).

A number of studies in the past examined the relation between

Pacific Decadal Oscillation (PDO) and the Pacific Ocean sea

level variability (e.g., Bromirski et al. 2011; Moon et al. 2013;

Zhang and Church 2012). However, the influence of PDO on

the Indian Ocean sea level changes is not explored in the

past.

Model, Data and Methods
Ocean General Circulation Model (OGCM):
Modular Ocean Model version 5 (MOM5)

Global model with 1°×1° horizontal resolution and 50 vertical levels

Model experiments carried out:

CTL Interannual Forcing (IAF) over full region

NYF-PO Climatological/Normal Year Forcing (NYF) over the 

Pacific Ocean 

NO-ENSO ENSO related wind components are suppressed from

monthly mean winds

Sea level observation data:
Satellite altimeter combined TOPEX/Poseidon, Jason-1 and

Jason-2/OSTM data

Reanalysis data sets:
 ORAS5 sea level, temperature

 ERA40 (1958-1978) – ERAInterim (1979 onwards) merged winds

 ERSST sea surface temperature

Observation based indices:
 JISAO PDO index

The PDO index is computed as in Mantua et al. (1997) as the

principal component of the leading empirical orthogonal function

of north Pacific (20°N–70°N) SST anomaly (after removing the long

term trends).

Methodology:

Role of atmospheric and oceanic

pathways in TRIO decadal sea level

variability

Fig. 2 Sea level anomalies (cm) averaged over the box in Fig. 1. Decadal sea level anomalies

(black) and JISAO PDO index (red) are shown in overlaid thick lines. All the time series are

normalised by the respective standard deviation.

TRIO sea level anomalies (SLA) in the decadal time scales

and PDO index show an anti-phase evolution throughout with

concurrent phase change in late 1970s and early 2000s,

indicating a possible link between TRIO sea level and PDO.

Fig. 3 a EOF-1 of detrended SSTA over North Pacific from ERSST (shaded) and CTL (contours),

b PC-1 from ERSST (red) and CTL (black), c PDO index from ERSST, model and JISAO; 11 year

running mean of ERSST PC-1 (red), CTL PC-1 (black) and JISAO PDO index (blue)

The PDO pattern is well represented by the model and the

PDO index from reanalysis and model is highly correlated with

JISAO PDO index.

Fig. 4 Sea level anomaly composite (cm)

from ORAS4 (shaded) and CTL significant at

95% confidence level based on two-tailed

Student’s t-test (contours) during a cold

phase b warm phase

 The Indian Ocean sea level patterns have undergone

extreme phase change as PDO shifts from cold to warm

phase. During the cold phase of PDO, positive SLA is seen

in the TRIO region and during the warm phase of PDO,

negative SLA are observed.

Possible link between TRIO sea level and 
PDO?

PDO in the OGCM

 The negative (positive) PDO phase is characterized by

easterly (westerly) anomalies over the equatorial Indian

Ocean.

 The anomalous winds as well as the meridional wind

shear in the horizontal winds are responsible for positive

(negative) wind stress curl over 12°S–8°S region in the

cold (warm) phase.

 The positive (negative) curl during the cold (warm) phase

induces downward (upward) Ekman pumping and deepening

(shallowing) of the thermocline, which propagates westward

as downwelling (upwelling) Rossby waves and amplify

(weaken) the sea level in the TRIO region.

Fig. 5 Composite of curl of wind stress anomaly (×

10−6 N/m3, shaded) and wind vectors overlaid

during a cold phase b warm phase. Composite of

curl of wind stress anomaly is significant at 90%

confidence level based on two-tailed Student’s t-

test

Fig. 6 Time evolution of ORAS4 SLA (cm, shaded) and

curl of wind stress anomalies (N/m3, contours) averaged

over 15°S–5°S region during 1958–2002

Fig. 7 Time evolution of ORAS4

decadal SLA (cm, shaded) and curl

of wind stress anomalies

(N/m3,contours) averaged over

15°S–5°S region during 1958–2002

 During the negative phase of PDO, persistent generation

and propagation of downwelling Rossby waves are seen

and persistent upwelling Rossby waves are seen during the

warm PDO phase.

 The wind stress curl also exhibits decadal variability during

the period 1958-2002.

Indian Ocean sea level and winds during 

PDO phases  

 The differences in the anomalous Walker circulation over the

Indo-Pacific Ocean averaged along 5°S–5°N and 12°S–8°S

exhibit modulation in the large scale circulation patterns.

 The typical Walker cell with convection in the eastern

equatorial Indian Ocean region is observed during cold

phase, whereas subsidence is noted over this region during

the warm phase.

 It appears that PDO influences the surface winds through

atmospheric teleconnection via modulating the Walker

cell/large-scale atmospheric circulation adjustments.

Fig. 8 Difference in the anomalous Walker cell composite during cold phase and warm

phase of PDO averaged for a 5°S–5°N, b 12°S–8°S. The ERA winds, zonal (m/s) and

vertical (− 1 × 10− 2 Pa/s) are used to produce the Walker circulation

Fig. 9 Composite of SLA (cm,

contours) and 0–100 m heat

content anomalies (× 109 J/m2,

shaded) from a CTL and b NYF-

PO experiments during cold phase

and warm phase. SLA (heat

content anomaly) composites are

significant at 95% (90%)

confidence level based on two-

tailed Student’s t-test

 Even though the forcing fields over Pacific are controlled,

NYF-PO run is able to reproduce the dominant pattern of

decadal sea level variability in the TRIO during the two

phases and is consistent with that shown by CTL.

 The sea level pattern to the south of 20°S in NYF-PO

is differing from the CTL indicating that the Pacific

forcing could change the sea level over that region

through oceanic pathways.

 The upper ocean heat content anomalies in NYF-PO is

found to be weaker than that of CTL but the SLA in both

NYF-PO and CTL are similar. This strongly suggests the

role of local wind stress and wind stress curl forcing on

the decadal SLA variability in the TRIO region.

Fig. 10 Time evolution of SLA

(cm) averaged for 12°S–8°S

from a ORAS4, b CTL, c NYF-

PO and d NO-ENSO runs. 11

year running mean of the

respective fields is shown as

contours

 The relative consistency among CTL, NYF-PO and NO-

ENSO experiments indicates that the oceanic channel is

not really playing any significant role in controlling the

sea level pattern in the TRIO on decadal time scale.

 In the interannual time scales however, there is radiation

of Rossby waves from the Pacific Ocean to the Indian

Ocean along 12°S–8°S region.

 The decadal signals are found originating west of

100°E, strongly suggesting that these signals are

due to local atmospheric changes as a response to

PDO forcing.

Fig. 11 SLA composite (cm)

of detrended altimeter data

(shaded) and ORAS4 data

(contours) for the period

1993–2012. a Composite

during the warm phase

(1993–2002) and b

composite during the cold

phase (2003–2012)

SLA pattern changes in association with PDO phase shifts

are present in the recent cold PDO phase of 2003 to 2012

as well.
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 A possible relationship is established between the PDO

phases and the decadal sea level variability over the TRIO.

 The decadal variability in the sea level pattern in the TRIO

undergoes extreme phase shifts as PDO shifts from the cold

(1958–1977) to warm (1978-2002) phase.

 Through OGCM sensitivity experiments, it is noted that wave

propagation from the Pacific Ocean to the Indian Ocean

through ITF has contributed to the sea level variations in the

eastern Indian Ocean. On the decadal time scale, tropical

Indian Ocean/TRIO sea level is unaffected by decadal

variability in the ITF.


